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Water-soluble vitamins, such as vitamin C and vitamin B, exist in various food stuffs, 
including vegetables, fruits, fortified grains, milk, and meat, etc. Those vitamers play 
essential roles in many biochemical functions in human body, thus are significant 
components for maintaining human health. However, the stability of vitamers is susceptible 
to many factors, such as light, temperature, metal ions, levels of oxygen concentration, and 
moisture contents, etc. As vitamers are prone to further degradation, their bioactivities can 
be remarkably affected and even lost in food processing and food products. 
In this study, effect of different metal ions (i.e., Na+, K+, Ca2+, Mg2+, Zn2+, Cu+, Cu2+, 
Fe2+, Fe3+) on the stability of ascorbic acid (AA, vitamin C, or VC) and nicotinic acid (NA, 
vitamin B3, or VB3) was investigated during a storage time of 24 hours, for which an HPLC 
system (Agilent Technologies, Inc., Loveland, CO, USA) with a Phenomenex Prodigy 
(150mm × 4.6 mm, 5µm) analytical column was used to determine the stabilities of the 
aforementioned two vitamins at temperature of 25ºC. The mobile phase of the HPLC 
consisted of solvent A: 0.02% phosphoric acid in water (pH values of 3.15), and solvent B: 
acetonitrile. Starting with 90% of solvent A and 10% of solvent B, an isocratic elution was 
performed at a flow rate of 0.5 ml min-1 for 5 minutes. The following wavelengths were 
chosen for detection of the aforementioned two vitamins: 254 nm for AA, and 260 nm for 
NA. 
The effects of metals ions on the stabilities of VC and VB3 were studied in terms of 
their degradation kinetics by their respective model systems. Although both vitamins 
exhibited the first-order kinetics in their respective model systems, they have shown 
 iii 
significantly different degradation rate under different conditions.  A lower rate constant 
of degradation was found for the VB3 (k = 0) in all metal ions solutions, while a dramatically 
higher rate of degradation was found for the VC with Cu+ and Cu2+ solutions. A significant 
degradation of AA was observed when it was mixed with 5 ppm, 10 ppm, 25 ppm and 50 
ppm of Cu+ solution, with a degradation rate (k) at 6.11 x 10-1 to 2.377. At 25 ppm, 50 ppm, 
75 ppm, and 100 ppm of Na+, K+, Ca2+, and Mg2+ solutions, AA degradation was not 
significant compared to the control. On the other hand, contents of VB3 were still remained 
100% after storage time of 24 hours. Thus, VB3 is more stable than VC when they co-existed 
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1.1 Introduction of Vitamins 
Vitamins are organic substances that are required by human body in small amounts to 
maintain and /or improve the body’s chemical and physiological functions, but many of 
them cannot be synthesized by our body (1). As a result, if we cannot get sufficient vitamins 
from our foods and/or daily meals, we will face the risks of vitamin deficiency symptoms. 
For example, if a person is short of vitamin C intake, the person is likely subject to some 
diseases such as impaired wound healing, gingivitis, and scurvy (2). Thus, intake of 
sufficient doses of vitamins is essential for humans.  
Based on the chemical solubility, vitamins are classified into two categories, including 
water-soluble vitamins (i.e., vitamin B and vitamin C) and fat-soluble vitamins (including 
vitamin A, vitamin D, vitamin E, and vitamin K). Moreover, B vitamins can be divided 
into 8 subgroups, including thiamin (Vitamin B1), riboflavin (Vitamin B2), niacin (Vitamin 
B3), pantothenic acid (Vitamin B5), pyridoxine (Vitamin B6), biotin (Vitamin B7), folic acid 
(Vitamin B9) and cyanocobalamin (Vitamin B12) (1). Although vitamins are indispensable 
and play critical roles in the human body, most vitamins are subject to degradation that can 
be affected by several factors, such as light, temperature, pH value, oxygen concentration 
and metal ions (3,4). 
According to the (EC) regulation No 1925/2006 on the addition of vitamins and 
minerals and of certain other substances to foods, the nutrition labels of foods are required 
to list the added fractions and sum of vitamins and minerals (5). On the other hand, to 
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secure that adequate vitamers are added in fortified foods, many types of vitamin analyses 
have been developed. 
Analysis of water-soluble vitamins was initially conducted by methods based on 
microbiological assays (MBAs) (6). However, their analytical precisions and accuracies 
were poor, let alone to say that those procedures were time-consuming (6,7). As a result, 
modern chemical analysis of vitamins has been developed, particularly depending on liquid 
chromatography, by which vitamins are separated by either normal phase or reversed phase 
modes and detected by ultraviolet detection (UV) with single wavelength, or photodiode 
array (PDA) (7,8). Liquid chromatography has been adopted in light of its sensitive, rapid 
and accurate analysis. Recently, liquid chromatography-mass spectrometry (LC-MS) has 
also been used to identify low concentrations of vitamins in complex matrices (8). 
Nowadays, The European Committee for Standardization (CEN, French: Comité Européen 
de Normalisation) and the Association of Official Analytical Chemists (AOAC) 
International have suggested to adopt liquid chromatography as the primary method to 
determine the water-soluble vitamins and fat-soluble vitamins (9).  
In this context, this research aims to utilize the HPLC method to study the effect of 
different metal ions on degradation (stability) of two water-soluble vitamins, including 
niacin (VB3), and ascorbic acid (Vc).  
 
1.2 Niacin (Vitamin B3) 
Niacin, commonly known as vitamin B3, is one of the water-soluble vitamins. Niacin 
is available in different forms like nicotinic acid and nicotinamide (10). Niacin can be 
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biosynthetically converted to nicotinamide adenine dinucleotide (NAD) and nicotinamide 
adenine dinucleotide phosphate (NADP). NAD and NADP can be primarily obtained from 
animal food, while nicotinic acid is mainly found in plants at lower concentrations and 
bioavailability (11). NAD and NADP are critical for cellular metabolism, and play roles in 
cell signaling and making and repairing DNA (10).  
Niacin can be obtained mainly from animal products (such as meat and fish), nuts, 
and grains, and it is also present in primarily consumed vegetables, such as potato, spinach, 
cauliflower, tomato, carrot, and lettuce. Lower amounts of niacin are found in cabbage and 
bottle gourd, while its highest content is in spirulina (11,12). All organisms require niacin, 
and some organs, such as liver, small intestine, and kidney, are able to synthesize niacin. 
As human beings are able to synthesize niacin from tryptophan that exists in any protein 
source, the requirement of niacin is easily to be met by consumption of meat products, like 
the western mixed diet (13). Although synthesis of nicotinamide from tryptophan has been 
known to be essential in maintaining niacin nutrition (14), conversion of nicotinamide from 
tryptophan could be affected by some factors, such as physiological conditions (pregnancy, 
renal failure), nutrients (protein, unsaturated fatty acid, vitamin B), hormones (thyroxine, 
estrogen), and chemicals (antitubercular drugs, phthalate esters), etc. For example, 
tryptophan-nicotinamide conversion is enhanced during mid and late pregnancy because 
energy and nutrient requirements would increase during pregnancy because of fetal growth. 
Therefore, production of nicotinamide is also enhanced during pregnancy to compensate 
for the increase in niacin requirement (14).  
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On the other hand, lack of niacin can lead to some diseases, such as pellagra, which 
can result in symptoms such as dermatitis, diarrhea, dementia, and even death (15). 
Fortunately, these diseases can be now treated with niacin supplement. For instance, the 
most common therapeutic application of the vitamin is the use of nicotinic acid in the 
treatment of hyperlipidemia (high cholesterol) (13). Besides, niacin can be assessed by 
quantification of excretory metabolites (1-N-methylnicotinamide, 1MN and 1-methyl-2-
pyridon-5-carboxamid, 2PYR) via 24-hour urine collection (16). Typically, the ratio of 2-
PYR to 1-MN excreted in urine are measured for evaluation of nutritional status of niacin, 
for which a ratio value of less than 1.0 is considered an indicative potential niacin 
deficiency (17).  
1.2.1 Nomenclature and Structure 
In 1907, outbreaks of pellagra were reported in the Southern United States, which 
prompted the U.S. Public Health Service officer Joseph Goldberger to study the disease 
(15), from which he suggested that the disease was caused by low levels of niacin, which 
was composed of at least two substances: thermolabile A-N factor and the heat-stable P-P 
factor (pellagra preventive factor). However, until his death from kidney cancer at the age 
of fifty-four, Mr. Goldberger never identified the P-P factor (15,18). Later, in 1937, 
agricultural biochemist Conrad Arnold Elvehjem and his team found that the suspected “P-
P factor” was in fact the nicotinic acid (subsequently named as niacin), which was further 
confirmed to be able to cure pellagra in animal models and in human trials (18,19,20).   
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Niacin and its structure similar chemicals, including nicotinamide (pyridine-3-
carboxamide), nicotinic acid (pyridine-3-carboxylic acid) (Figure 1.1) and a variety of its 
pyridine nucleotide derivatives, are accepted as vitamers due to their similar biological 
activities associated with nicotinamide. Niacin is an essential component in human and 
animal tissues, and also a precursor of two coenzyme forms: nicotinamide adenine 
dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate (NADP), which are 
bound to proteins, and stored in the cytoplasm. NAD can be converted into NADP by 
phosphorylation in the presence of the enzyme NADP kinase. The structure of NAD can 
be imaged as the adenosine diphosphate-ribose (ADP-ribose) moiety attached covalently 
to the nicotinamide through a β-N-glycosidic linkage (Figure 1.2) (13,21). This linkage 
consists of a high-energy bond, which provides the driving force for various ADP-
ribosylation reactions catalyzed by the NAD glycol-hydrolase. NAD is actively involved 
not only in the catabolism of fat, carbohydrate, protein, and alcohol, but also in the cell 
signaling and DNA repair, while NADP is mostly involved in anabolism reactions, such as 
fatty acid and cholesterol synthesis (21). 
1.2.2 Physical and Chemical Properties 
Nicotinamide and nicotinic acid are both white crystalline substances (21), but the 
former is more water-soluble than the latter. The former has a molecular weight of 122.12 
g/mol with its chemical formula of C6H6N2O, and a CAS registry number (CASRN): 98-
92-0, while the latter has a molecular weight of 123.11 g/mol with a formula of C6H5NO2, 
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with the CASRN numbers of 59-67-6 (21). Their aqueous solutions have a maximal UV 
absorbance at 263 nm (13). 
Nicotinic acid is a white crystalline odorless powder that can be well absorbed when 
taken orally. It sublimes at boiling points within a temperature range between 236°C to 
239°C, and is melted between 128°C to 131°C (22). It is slightly soluble in boiling water 
and boiling alcohol, but cannot be dissolved in propanediol, chloroform, alkali solution., 
etc. (21). Its acute toxicity was determined to be 7000 mg/kg (or 7 mg/g) based on its LD50 
value when supplemented orally in rats. Nicotinic acid is generally recognized as safe 
(GRAS), but when it comes in contact with skin or eyes, washing with water is preferred 
immediately (21). In comparison, nicotinamide is also a solid white crystalline powder, but 
its sublimation temperature is at a lower boiling point at 224°C, while its melting point is 
between 127°C to 131°C (21). It has a density of 1.4 (g cm-3) and vapor pressure of 3140 
Pa at room temperature. It has a high solubility in water, and is used to enrich various foods, 
drinks, and feeds (20,21). 
1.2.3 Deficiency, Toxicity and Supplementation 
Niacin deficiency in animals is characterized by a variety of species-specific signs, 
and usually accompanied by loss of appetite and poor growth (Table 1.2) (18,23). The 
general symptom of the niacin deficiency is captured as the four Ds, i.e., dermatitis, 
diarrhea, delirium, and death (15,24). In 1998, the Food and Nutrition Board (FNB) of the 
Institute of Medicine (IOM), which was later called National Academy of Medicine (NAM) 
established tolerable upper intakes (ULs) of niacin for Canadians and Americans (24). For 
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adults, this was set at 35 mg per day of preformed niacin obtained from synthetic sources, 
including supplements and fortification. It does not apply to niacin derived from food or 
tryptophan (24,25). However, other adverse effects were evaluated resulting from high 
doses of niacin. At higher doses (more than 3000 mg/day), niacin could possibly lead to 
serious side effects, such as hypotension, hepatoxicity, and organ failure (25). Nicotinic 
acid is a candidate to decrease LDL-cholesterol, triglycerides and lipoprotein. Besides, it 
is the currently most effective available medication to increase high-density lipoprotein 
cholesterol (HDL-C) levels by up to 35% (26). However, this niacin therapy causes side 
effects including skin flushing (up to 71%), headache (8%), pruritus (6%) and 
gastrointestinal symptoms (10%) (26). Other less undesirable effects, such as a decrease in 
glucose tolerance or an increase in plasma uric acid levels, can probably occur in some 
patients with the chronic diseases, such as diabetes or hyperuricemia (27).  
Administration of niacin is thought to be not able to present a long-term risk or cause 
pathologies (25). As a result, supplements are generally given in 500 mg doses, and B-50 
complex (provision 50 mg of niacin per day), B-75 complex (provision of 75 mg of niacin 
per day), and B-100 complex (provision of 100 mg of niacin per day), although the 
maximum limit of niacin is set at 35 mg per day (25). Nevertheless, more researches were 




1.2.4.1 Absorption and Transport 
Both nicotinic acid and nicotinamide can be rapidly absorbed in stomach and small 
intestine (28). At low concentrations, this process is mediated by the sodium ion-dependent 
diffusion (22), while at higher concentrations (doses of 3000 to 4000 mg), niacin is 
absorbed by a passive diffusion (28). On the other hand, glycol-hydrolase in liver and 
intestines can catalyze the release of nicotinamide from NAD into the plasma. 
Nicotinamide is then transported to tissues for the synthesis of NAD when needed (28,29). 
Both forms of niacin (i.e., nicotinic acid and nicotinamide) enter cells by simple diffusion, 
but they also enter erythrocytes by a facilitated transport (28). 
1.2.4.2 Metabolism and Excretion 
The coenzymes NAD and NADP can be synthesized in all tissues from nicotinic acid 
or nicotinamide (28). Tissue concentrations of NAD appear to be regulated by the 
concentration of extracellular nicotinamide, which in turn is under hepatic control 
(Figure1.3). In other words, liver plays an important role in the nicotinamide supply to 
peripheral tissues (14). Conversion of tryptophan to nicotinic acid also contributes to the 
NAD storage through the following biosynthetic pathway (Figure 1.4) (14), from nicotinic 
acid mononucleotide (NAMN) to NAD. In contrast, in the pathway of the degradation of 
NAD (Figure 1.5), the nicotinamide mononucleotide (NMN) could undergo hydrolysis to 
yield nicotinamide riboside (NR), then NR could be hydrolyzed to yield nicotinamide 
(NAM) (30). Therefore, the requirement of niacin by human beings can be met not only 
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from the nicotinic acid and nicotinamide present in food, but also by the conversion of 
tryptophan in dietary protein to nicotinamide (28).  
Conversion ratio of nicotinamide from tryptophan is calculated from the dietary 
tryptophan and urinary nicotinamide and urinary nicotinamide metabolites, leading to the 
result that 67 mg of tryptophan is equivalent to 1 mg of nicotinamide (14). However, 
another conversion ratio indicates that 60 mg of tryptophan is equivalent to 1 mg of 
nicotinamide if only the ratio of tryptophan to the urinary MNA (N’-methyl-nicotinamide) 
was calculated (24,31). Moreover, excess niacin is excreted in the urine along with the 2-
pyridone (2-PY) and 4-pyridone (4-PY) oxidation metabolites of nicotinamide (14,28). 
1.2.5 Dietary Source and Stability 
Epidemics of pellagra was found in corn-eating populations in early 20th century 
(15,25,32), which was later ascribed to the low content of tryptophan in corn, and another 
factor that its inherent niacin (bound form of niacin) in corn was tightly bound with 
carbohydrates and small peptides. Thus, it required alkaline treatment (soaking corn in a 
lime solution like calcium oxide) to release the bound niacin so as to improve the 
bioavailability of bound form of niacin (25). Grains (other than corn), nuts, and legumes 
are good sources of niacin (nicotinic acid) because those foods contain high contents of 
tryptophan and niacin (25). In addition, fish and meats are also excellent sources of niacin 
because of their high concentrations of tryptophan and nicotinamide that can be derived 
from NAD/NADP after intakes (Figure 1.4) (14,25). 
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Based on the dietary reference intakes (Table 1.3) (33), the recommended dietary 
allowance (RDA) for niacin is 16 mg per day for male adults and 14 mg per day for female 
adults, respectively. Niacin is more stable than other water-soluble vitamins because this 
compound has been found to be resistant to heat, oxidation, and alkaline (Table 1.1), 
therefore it has a high stability under ordinary conditions, but it should be protected from 
light at room temperature. (24,34,35). 
 
1.3 Ascorbic acid (Vitamin C) 
Ascorbic acid, commonly known as vitamin C, is one of the water-soluble vitamins, 
and one of most important redox cofactors in plant and animal systems (36,37). From 1928 
to 1930, ascorbic acid (AA) was first isolated by Hungarian biochemist and Nobel laureate 
Szent-Gyorgyi, though its molecular structure was determined until 1933 (38). In most 
plants and animals, ascorbic acid is derived as a product from the direct oxidation of 
glucose, galactose, and mannose (36,37,38).  
In animals, ascorbic acid is synthesized from glucose in the liver of most adult 
mammals. D-glucose can be converted into L-ascorbic acid via D-glucuronic acid, L-
gulono-lactone, and L-gulono-γ-lactone as intermediates (37,38). However, humans, 
primates, and several birds have lost their abilities to synthesize ascorbate de novo due to 
the lack of ascorbate-oxidizing enzyme and L-gulono-γ-lactone oxidase, which 
spontaneously transform their substrates into the vitamin (38). On the other hand, in plants, 
the biosynthesis of ascorbic acid is more complex than its biosynthesis in animals because 
it is synthesized from guanosine diphosphate (GDP) mannose, for which the pathway 
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shares GDP-sugar intermediates with the synthesis of cell wall polysaccharides and those 
glycoproteins containing D-mannose, L-fructose, and L-galactose (Figure 1.6) (38,39).  
Vitamin C is required for many physiological functions (38,40). It helps the synthesis 
and metabolism of tyrosine, folic acid, and tryptophan, as well as hydroxylation of glycine, 
proline, lysine, carnitine and catecholamine (38,40). In addition, this vitamin can act as an 
antioxidant to protect the body from various adverse effects of free radicals, pollutants, and 
toxins (40).  
1.3.1 Nomenclature and Structure 
Scurvy was recognized as a major cause of disability and mortality, and responsible 
for the death of 2 million sailors between the time of Columbus’s voyage and the rise of 
the stream engines in the mid-19th Century (36,41).  In 1747, when a Scottish ship’s surgeon, 
Mr. James Lind conducted trials for 12 sailors suffered from scurvy, he found that oranges 
and lemons were effective for treating the disease (41). In 1907, Axel Holst and Theodor 
Frolich produced scurvy in the guinea pig (41). In 1928, vitamin C was first isolated from 
hexuronic acid by Hungarian scientist Albert Szent-Gyorgyi in Cambridge (36,41). In 1933, 
Norman Howarth revealed the complete chemical structure of vitamin C (41). 
The chemical designation for ascorbic acid is 2-oxo-L-theohexono-4-lactone-2,3-
enediol (37,38). Its molecular structure contains two ionizable-OH groups at C2 and C3 that 
give the compound its acidic character. At pH 7.4, 99.95% of ascorbic acid (AA) will be 
present as ascorbate monoanion (AscH-), and only 0.05% as AA (AscH2), and 0.004% as 
ascorbate dianion (Asc2-) (38). Therefore, the antioxidant chemistry of vitamin C was 
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normally focused on the chemistry of AscH- (Figure 1.7) (36,37,38,42). The asymmetric 
carbon 5 atom allows two enantiomeric forms, of which the L-form is naturally occurring 
(38). On the other hand, the oxidized form of ascorbic acid, dehydroascorbic acid, contains 
the vitamin C activity, and can exist as a hydrated hemiketal. Crystalline dehydro-L-
ascorbic acid can exist as a dimer (36,37).  
1.3.2 Physical and Chemical Properties 
Ascorbic acid (AA) (empirical formula mass of 176: C6H8O6) has a molecular 12 
g/mol, and a density of 1.65 g/cm3 (37). Pure AA is a white crystalline powder, and is 
extremely soluble in water making a colorless solution. However, sodium ascorbate often 
contains significant quantities of oxidation products departing a yellow color (43). At pH 
values between 6 and 7.8, the purity and concentration of an ascorbate solution can be 
easily determined by UV absorbance with its molar absorptivity coefficient at ε265 =14,500 
M−1 cm−1 (44). AA is related to the protection of lipid, DNA, and proteins from oxidants. 
In general, low concentrations of ascorbate favors pro-oxidant conditions, whereas high 
concentrations tend to present antioxidant activity (44). For example, when peroxyl 
radicals are generated in plasma, AA is consumed faster than other antioxidants, such as 
uric acid and vitamin E. AA is 1000 times more reactive than a polyunsaturated fatty acid 
in reaction with peroxyl radicals (36,37). However, AA can also act as a prooxidant under 
aerobic condition when metals capable of redox (Fe2+ ↔ Fe3+; Cu+↔Cu2+) are also present 
(36,37). Metals such as iron and copper in reduced states are effective Fenton catalysts (36). 
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1.3.3 Deficiency, Toxicity and Supplementation 
Scurvy is a typical symptom caused by the vitamin C deficiency (41,45). It can occur 
under circumstances of poor diet, such as condition in chronic alcoholism (45). Ascorbic 
acid is generally regarded as a toxicant at high dose. Once the concentration of ascorbate 
in plasma reaches the renal threshold, it is excreted more or less quantitatively with 
increasing intake. Excessively daily intakes of vitamin C can cause an increased production 
of oxalic acid in some individuals, leading to an increased risk of kidney stone formation 
(45). Based on the Recommended Dietary Allowance (RDA) established by the U.S. 
Institute of Medicine (IOM) in 2000, the requirements for AA in human are: 75-90 mg/ 
day for adults, 45-60 mg/day for adolescence, 15-45 mg/day for children (3-13 years), and 
40 mg/day for infants (36). 
1.3.4 Physiology 
1.3.4.1 Absorption and Transport 
When ascorbic acid (AA) is consumed from the diet, the ileum (the third portion of 
small intestine) and jejunum (the second portion of small intestine) are the major sites for 
its absorption (36,37), where AA is ionized as the ascorbate anion within the intestinal pH 
range. Its intestinal transport and metabolism in human body is shown in Figure 1.8. 
Ascorbate must move across the brush-border membrane of the intestinal epithelium from 
a lower concentration in the lumen (the inside space of tubular structure, such as an artery 
and intestine) to a higher concentration in the cytoplasm of the absorptive cell (enterocyte) 
(45).  
 14 
The precise mechanism of ascorbate absorption is based on secondary active transport, 
in which a transmembrane protein (inappropriately called a carrier) mediates the sodium-
coupled transfer of ascorbate across the brush-border membrane. The energy for the 
transport of ascorbate relies on the concentration gradient of sodium across the brush-
border membrane, which is maintained by the constant extrusion of sodium from the 
enterocyte by the action of the sodium pump at the basolateral membrane. In other words, 
the sodium pump that is driven by metabolic energy is the primary driving force for 
ascorbate absorption (45). 
Another essential determinant of bioavailability of ascorbate is kidney. Most vitamin 
C circulates in the blood in the form of the ascorbate anion. The ascorbate in the blood 
plasma is freely filtered at the renal glomerulus, but much of it is reabsorbed in the proximal 
tubule (26). Ascorbate uptake across the luminal membranes of renal proximal tubule cells 
occurs through two sodium-dependent vitamin C transporters (SVCT1 and SVCT2), which 
are responsible for the specific cotransport of sodium and AA across plasma membranes. 
Their ability to accumulate AA in cells is driven by the sodium electrochemical gradient 
created by sodium-potassium ATPase (26,46). 
1.3.4.2 Metabolism and Excretion 
Humans and other primates, guinea-pig, and fruit-eating bats lack the enzyme gulono-
lactone oxidase that can catalyze the final step in the biosynthesis of AA, and thus rely on 
their diet to provide the AA. In contrast, other animal species can synthesize AA from 
glucose, therefore, they do not need dietary vitamin C (45). Nevertheless, the total body 
pool of ascorbate is affected by limited intestinal and renal tubular absorption (38,45). It 
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reaches a maximum value of about 20 mg/kg body weight or about 1500 mg for the 
average-size man when the ascorbate intake is increased from 30 to 180 mg/day; above this 
level of intake, excretion of ascorbate in the urine rises rapidly, or the unabsorbed ascorbate 
is degraded in the intestine, occasionally resulting in diarrhea and intestinal discomfort (38). 
1.3.5 Dietary Source and Stability 
Vitamin C is rich in citrus fruits, green peppers, red peppers, strawberries, tomatoes, 
broccoli, brussels sprouts, and other leafy vegetables, but poor in animal sources with its 
level usually < 30 to 40 mg/100g (Table 1.4). Therefore, plant-based foods are important 
resources of vitamin C (37,40). Ascorbic acid in food juices can be readily oxidized and 
lost during storage because a lot of factors can affect the AA stability, such as storage 
temperature, light exposure, metal ions presence, sugar presence, levels of oxygen 
concentration, moisture content, and pH value (37,47,48). For example, ascorbic acid is 
not very stable in aqueous media, where it can decay within a few hours or even minutes 
at high pH values (>10.0). However, AA is relatively stable if stored at acidic pH (<3.0) 
or below -20ºC (from weeks to months) (37). Water activity can also affect the stability of 
ascorbic acid. For example, a study showed that the powders of vitamin C in its initial 
concentration of 690 mg/100 g of dry formula could decrease to 273 and 8 mg/100 g at 
water activity of 0.11 and 0.87, respectively, after 73 days of storage (48). Another study 
reported that, during storage of strawberry juices, its ascorbic acid was found to be fully 
degraded (100%) after 8 hours when stored at room temperature (28ºC). In comparison, 
under the same storage condition with sugar addition in the juice, the ascorbic acid loss 
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could be suppressed to around 85%. As a result, adding sugar seemed to be able to stabilize 
the ascorbic acid in strawberry juices (47).  
 
1.4 Introduction of High Performance Liquid Chromatography 
High performance liquid chromatography (HPLC) is the third most widely used 
laboratory instrument after the analytical balance and pH meter (49). It is one of the most 
useful tools in an analytical quality control, and well suited for the quantitative 
determination within the pharmaceutical and food industries, and environmental control 
(50,51). By HPLC, chemical constituents are separated when they move through a column 
at different flow rates and are eluted (gradient elution or isocratic elution) from the system 
in different time (49,52). The flows rate of the mobile phase normally ranges from 0.5 to 
2.0 mL/min that is necessary for chemical separation carried out with conventional 
columns (4 to 4.6 mm i.d., 3 to 5 mm particle size). Conventional pumps can deliver 
variable flow rates under the upper pressure limits to 400 Bar (40 MPa). Preparative 
chromatography generally employs flow rates higher than 5 mL/min (50). 
As analytes strongly retained on stationary phase, analytes would be eluted late. 
Conversely, as analytes strongly migrate faster through stationary phase, analytes would 
be eluted sooner through the system (51,52). Since HPLC has a variety of column formats, 
dimensions, and chemistries, and its mobile phases have options with a wide range of 
organic solvent and buffer mixtures (52), and it can be connected with a single detector or 
multiple detectors (i.e., UV-Vis, photodiode array, fluorescence, evaporative light 
scattering) (49,50,52), various chemicals can be separated and detected by HPLC. 
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1.4.1 Modes of HPLC 
HPLC is practiced in discrete modes that use different separation mechanisms and is 
applied in various industries. The separation mechanism is based on selection of the 
stationary phase and mobile phase (52). There are two major separation mechanisms 
including normal phase (NP), and reverse phase (RP). 
1.4.1.1 Normal Phase Liquid Chromatography (NPLC) 
Normal-phase liquid chromatography (NPLC) represents the oldest chromatographic 
separation mode, firstly used by Mikhail Tsvet in 1906 (53). In the normal-phase 
chromatography, the stationary phase (e.g., silica) is more polar than the mobile phase (i.e., 
hexane, chloroform, dichloro-methane). As the polarity of the mobile phase decreases, the 
retention would increase. Dipole–dipole and hydrogen bonding interactions are the major 
contributors of chemical retention. Nonpolar analytes are eluted earlier than polar analytes 
because the latter interact strongly with the stationary phase (52). 
Normal-phase chromatography has several advantages because: (1) organic mobile 
phase has lower viscosity, therefore, the pressure drop across the column is lower than that 
of aqueous–organic mobile phases commonly employed in RPLC at a comparable flow 
rate. (2) HPLC columns are more stable and have longer lifetime in organic solvents than 
columns in aqueous–organic mobile phases in RPLC. (3) Many samples are more soluble 
or less prone to decompose in organic than in aqueous mobile phases. Thus, samples do 
not cause direct-injection problems in NPLC (53).  
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1.4.1.2 Reverse-Phase liquid Chromatography (RPLC) 
Reverse-phase liquid chromatography (RPLC) is the most widely used liquid 
chromatographic separation mode. RPLC was firstly used by Jan Boldingh, who used a 
rubber powder stationary phase and a mixture of acetone and methanol as the mobile phase 
to separate fatty acids in 1948. In 1997, more than 80% of all HPLC separations are 
performed on the reverse phase mode (54). In this mode of chromatography, the stationary 
phase (e.g., octadecyl (ODS) C18, octyl C8, phenyl, propyl phenyl) is a non-polar 
adsorbent, while the mobile phase, which typically consists of a binary mixture of water 
with addition of organic modifier of methanol, acetonitrile, tetrahydrofuran, isopropanol, 
is more polar than the stationary phase (52,54). 
Reverse phase liquid chromatography has several advantages: (1) RPLC typically 
offers better selectivity than NPLC for the separation of molecules differing in carbon 
number; (2) ionic samples are usually more easily separated in RPLC; (3) the purchase and 
disposal of organic solvents are less expensive in RPLC than in NPLC; (4) controlling the 
retention by adjusting the solvent strength can be more predictable and reproducible in 
RPLC than in NPLC, because of significantly preferential adoption of polar solvents, which  
are frequently used, such as water, acetonitrile, methanol, and isopropanol (53,54). 
1.4.2 Application of HPLC in Food Analysis 
To ensure food safety and nutritional quality, regulations have been established for 
the assessment of food quality, nutritional intake, and traceability for food products with 
designation of origin. The U.S. Food and Drug Administration (FDA) is responsible for 
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handling the detection of prohibited substances and substances with maximum permitted 
levels such as chemical additives, residues, and contaminants in food products to ensure 
the safety of food supply (52). Regarding those chemical analyses, HPLC is commonly 
used, and is proven to be an optimal instrumentation for detection or quantification of the 
majority of food analytes. In recent years, the demands for high sample throughput, high 
efficiency, and high resolving power have significantly boosted application of ultra-high-
performance liquid chromatography (U-HPLC) in areas of analytic research. Many 
methods have been developed for multi-analyte analyses due to their simplicity and 
reduction in cost. The key requirement for developing such methods is the application of 
generic extraction procedures with a careful examination of matrix effects. For example, 
methods covering more than 250 veterinary drugs, pesticides, mycotoxins, and other 
potential chemical contaminants have been developed recently and are applied in routine 
analysis (51,52). 
Sample preparation is one of the most important steps of an analytical method. 
Effective sample preparation is important to reduce matrix interferences and achieve 
reliable analytical results. Besides, a successful sample preparation method should be fast, 
simple, accurate and facilitate the analysis of a large number of samples. Modern sample 
preparation techniques such as on line solid-phase extraction (SPE), supercritical fluid 
extraction (SFE), turbulent flow chromatography (TFC), and molecularly imprinted 
polymers (MIPs), can be combined with high-sensitivity HPLC for chemical analysis in 
the parts per trillion (ppt) level (52). Despite analytical challenges, U-HPLC has been 
gradually developed in food analysis because it can provide many benefits, such as getting 
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narrower peaks, shortening the overall injection cycle time, improving detection limits, 
increasing chromatographic resolution and the number of compounds in multi-analyte 
methods (52). 
 
1.5 Introduction of Minerals 
Minerals as essential micronutrients are necessary for maintaining normal metabolic 
functions in human body (55). All minerals mainly are originated from the earth’s surface 
and secondarily from plants, animals, water, and beverage (56,57). Minerals are significant 
for their nutritional values, toxicological potential, and interaction with the texture and 
processing of foods. For these reasons, it is necessary to understand and control their 
concentration levels in foods. Among the 50 known minerals, between 15 and 20 minerals 
are natural components of foods that are part of at least one vital biological system of a 
plant or animal (56). Some of them are macro-elements because of their abundance in foods, 
including calcium (Ca), phosphorus (P), sodium (Na), potassium (K), magnesium (Mg), 
and chlorine (Cl). Other groups of elements are called micro-elements or ultra-trace 
elements respectively, due to their low or trace concentrations. Those elements include iron 
(Fe), iodine (I), zinc (Zn), copper (Cu), chromium (Cr), manganese (Mn), molybdenum 
(Mo), fluoride (F), selenium (Se), etc (56,57). The macro-minerals or bulk elements are 
required in larger amounts each day compared to microminerals or trace elements (Table 
1.5). The quantitative boundary between the two mineral groups is approximately 100 mg 
per day. Macro-minerals are required each day in amounts more than 100 mg and micro-
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minerals are needed in amounts less than 100 mg, typically less than about 15 mg per day. 
Several ultra-trace minerals are required in amounts less than 1 mg per day (57).   
Another study mentioned that human requirements for essential minerals vary from a 
few micrograms per day up to about 1 g per day. For instance, calcium (Ca) with an 
recommended dietary allowance (RDA) of 1000 to 1200 mg per day (1000 mg/day for men 
aged 51 to 70 years; 1200 mg/day for both women aged 51 to 70 years and women and 
men aged over 71 years) has the highest RDA among minerals, and it is necessary to be 
consumed to be beneficial for health and bones (55,58). Selenium (Se) with an average 
RDA of 30 mg per day for an adolescent has the lowest RDA (55).  However, as people 
consume the minerals that exceed the maximum tolerable intake, it would lead to the 
toxicity symptoms. For example, selenosis (excessive intake of selenium) can result in 
gastrointestinal upsets (a slight illness affecting your stomach and/or bowels), hair loss, 
white blotchy nails, garlic breath odor, fatigue, irritability, and mild nerve damage (59). 
On the other hand, consuming less than the recommended intake could cause the specific 
deficiencies. For example, calcium deficiency could cause increased colon cancer risk, 
hypertension, osteoporosis (bone disease that occurs as the body loses too much bone, 
makes too little bone, or both) and growth arrest (a condition that influences the growth 
plates in the arms or legs in children and adolescents whose bodies are still growing) (55). 
Some of common potential deficiencies and toxicities of the minerals are listed below 
Table 1.6 (57).  
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1.6 Research objectives 
The general objective of my research is to use HPLC method to determine the 
stabilities of two vitamins (Vc and VB3). Specifically, the research aims to identify the effect 
of different metal ions (i.e., Na+, K+, Ca2+, Mg2+, Zn2+, Cu+, Cu2+, Fe2+, Fe3+) on the 
stabilities of Vc (Chapter 2) and VB3 (Chapter 3), and determine their degradation kinetics. 
In this study, different concentrations of metal ions were prepared, including: (1) 25 mg L-
1, 50 mg L-1, 75 mg L-1, and 100 mg L-1 solutions of Na+, K+, Ca2+, Mg2+, Zn2+; and (2) 5 
mg L-1, 10 mg L-1, 25 mg L-1, 50 mg L-1 solutions of Cu+, Cu2+, Fe2+, Fe3+. During a storage 
time of 24 hours, all samples were stored at 4ºC, and all studies were conducted at 25ºC. 
 
1.7 Figures and Tables 
 
 




Figure 1.2 Structures of coenzyme forms: NAD+ (nicotinamide-adenine dinucleotide) 
and NADP+ (nicotinamide-adenine dinucleotide phosphate) (13) 
 
From Ref: H.K. Biesalksi.; E.I. Back. Vitamins/niacin, nutritional significance. In Encyclopedia of 













Figure 1.3 Schematic representation of tryptophan dynamics and nicotinamide supply in 
the tryptophan-nicotinamide pathway (14). 
 
From Ref: T. Fukuwatari.; K. Shibata. Nutritional aspect of tryptophan metabolism: review. 













Figure 1.4 The tryptophan-nicotinamide pathway (14). 
 
From Ref: T. Fukuwatari.; K. Shibata. Nutritional aspect of tryptophan metabolism: review. 








Figure 1.5 Possible pathways of the degradation of NAD in small intestine of rat (30) 
 
From Ref: C.J. Gross.; L.M. Henderson. Digestion and Absorption of NAD by the small intestine 













Figure 1.6 Biosynthetic pathways of L-ascorbic acid in plants and animals (38, 39). 
 
Reactions 1-8 represent the pathway in animals and reactions 9-24 represent the 
pathways in plants. Enzymes in each pathway are 1, phosphoglucomutase; 2, UDP-glucose 
pyrophosphorylase; 3, UDP-glucose dehydrogenase; 4, glucuronate-1-phosphate 
uridylyltransferase; 5, glucuronate 1-kinase; 6, glucuronate reductase; 7, aldonolactonase 
(aka. gluconolactonase); 8, gulono-1,4-lactone oxidase or dehydrogenase; 9, glucose-6-
phosphate isomerase; 10, mannose-6-phosphate isomerase; 11, phosphomannose mutase; 
12, GDP-mannose pyrophosphorylase (mannose-1-phosphate guanylyltransferase) 
(VTC1); 13, GDP-mannose--epimerase; 14, GDP-L-galactose phosphorylase (VTC2 and 
VTC5); 15, L-galactose-1-phosphate phosphatase (VTC4); 16, L-galactose dehydrogenase; 
17, L-galactono-1,4-lactone dehydrogenase; 18, methylesterase; 19, D-galacturonate 
reductase; 20, aldonolactonase; 21, phosphodiesterase; 22, sugar phosphatase; 23, L-gulose 
dehydrogenase; 24, myo-inositol oxygenase. 
 
From Ref: P. A. Morrissey.; T. R. Hill. Vitamin C. In Encyclopedia of Dairy Science, Second ed.; John W. 
Fuquay., Ed.; Academic Press: Cambridge, MA, 2011; pp. 667-674.; F. Agius.; R. González-Lamothe.; J. L. 
Caballero.; J. Muñoz-Blanco.; M. A. Botella.; V. Valpuesta. Engineering increased vitamin C levels in plants 




Figure 1.7 Chemical forms of ascorbic acid, and its major metabolites and degradation products (42).  
 





Figure 1.8 Model of intestinal transport of the L-ascorbate anion (AA-) and uncharged 
dehydro-L-ascorbic acid (DHAA) in vitamin C-dependent animals (45). Thick arrowed 
lines indicate directed pathways; (H+) signifies enzymatic reduction. 
 
From Ref: G.F.M. Ball.  Ascorbic acid: physiology. In Encyclopedia of Food Sciences and 









































Vitamin C (𝑉𝑉𝐶𝐶) − + + + + + + + 
Thiamine (𝐵𝐵1) + − + + + − + + 
Riboflavin (𝐵𝐵2) + + − − − − + + 
Niacin (𝐵𝐵3) − − − − − − 
Pantothenic acid (𝐵𝐵5) − − − − + + + + 
Pyridoxine (𝐵𝐵6) + − − − + + 
Biotin (𝐵𝐵7) − − − − + + 
Folic acid (𝐵𝐵9) + + + − − + + 






Table 1.2 Symptoms of niacin deficiency 
 
Organ system Signs 
Appetite and Growth Decrease 
Dermatologic Dermatitis; photosensitization 
Gastrointestinal Inflammation; diarrhea; glossitis 
Skeletal Perosis 
Vascular: Erythrocyte Anemia 









Table 1.3 RDAs and tolerable upper intake concentrations for niacin 
 
Age/y Recommended Dietary Allowance Upper limit  
(mg, supplemental and fortified 
niacin) 
0-0.5y 2 (Adequate Intake) Not defined 
0.5-1y 4 (Adequate Intake) Not defined 
1-3y 6 10 
3-8y 8 15 
8-13y 12 20 
>13y Female: 14 
Male: 16 
30-35 
Pregnancy 18 30-35 
Lactation 17 30-35 
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Table 1.4 Vitamin C in selected foods and tissues 
 
 Source of Vitamin C Mg of ascorbic acid per 100g of wet 
weight or edible portion 
Animal products   
Beef, pork, veal 2-10 
Beef, pork liver 20-30 
Heart, chicken 5 




Kiwi Fruit 80-90 
Strawberry 59-70 
Currant, black 150-200 
Lemon, Orange 40-50 
Vegetables   



















( > 100 mg 𝐷𝐷𝐷𝐷𝐷𝐷−1) 
 
Trace-element 
(1 to 100 mg Day-1) 
 
Ultra-elements 
(< 1 mg Day-1) 
Calcium Copper Chromium 
Chlorine Fluoride Iodine 
Magnesium Iron Manganese 
Phosphorous Zinc Molybdenum 
Potassium  Selenium 
Sodium   
 
Fluoride is of questionable essentiality, but it does help prevent dental caries (cavities) by becoming part of the tooth mineral 
surfaces in the mouth after eruption of the teeth or it becomes incorporated in tooth mineral when consumed during development 
(57).  
 
From Ref: J.J.B. Anderson. Nutrition of minerals in relation to human function. Reference Module in Biomedical Sciences. Elsevier: 




Table 1.6 Established deficiencies and toxicities of essential minerals 
 Deficiencies Toxicities 
Macro-minerals  
Calcium (Ca) Common (Osteopenia) Common (Calcification) 
Chlorine (Cl) Rare Rare 
Magnesium (Mg) Rare Rare 
Phosphorous (P) Rare Common (Calcification) 
Potassium (K) Common (hypertension) Rare 
Sodium (Na) Rare Common (hypertension) 
Trace elements  
Copper (Cu) Rare Rare 
Iron (Fe) Common (anemia) Rare 
Zinc (Zn) Rare Rare 
Ultra-trace elements  
Chromium (Cr) Rare Rare 
Iodine (I) Rare Rare 
Manganese (Mn) Common (endemic goiter) Rare 
Molybdenum (Mo) Rare Rare 
Selenium (Se) Rare Rare 
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Notes: Fluoride is not included in this list because it is of questionable essentiality, but if fluoride is consumed in excessive 
amounts, it may have toxic effects. Calcium and iron deficiencies are the most common because of insufficient consumption of 
these minerals from critical foods, i.e., dairy and meats. Potassium may also be deficient because of underconsumption of fruits 
and vegetables. 
Toxic effects of calcium, i.e., vascular calcification and renal stones, typically result from the use of calcium supplements 
(pills) and toxic effects of phosphorus typically from the use of phosphate salt additives in the processing of many foods and 
from excessive calcium intake. Sodium excesses derive from the salting of foods in processing and from the use of table salt 
(57). 
 
From Ref: J.J.B. Anderson. Nutrition of minerals in relation to human function. Reference Module in Biomedical Sciences. Elsevier: 
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EFFECT OF METAL IONS ON STABILITY OF ASCORBIC ACID 
 
Abstract 
The effects of nine metal ions (i.e., Na+, K+, Ca2+, Mg2+, Zn2+, Cu+, Cu2+, Fe2+, Fe3+) 
on stability of ascorbic acid (AA) in aqueous solutions during 24 hours of storage was 
investigated. The temperature for storage was at 4 ºC, while all the studies were conducted 
at 25 ºC. Levels of concentration of copper and iron ions in aqueous model solutions were 
5, 10, 25, and, 50 mg L-1, while the concentrations of other metal ions in the model solutions 
were 25, 50, 75, and 100 mg L-1. pH values of various samples were also measured. 
Determination of the amount of ascorbic acid in the samples was performed by HPLC with 
a Phenomenex Prodigy 0DS3 100A analytical column (150mm x 4.6 mm, 5 µm) under an 
isocratic elution program, and detected at 254 nm wavelength by a PDA detector. Mobile 
phase consisted of 0.02% phosphoric acid in water (A), and acetonitrile (B) (90:10, v/v). 
In this study, degradation kinetics for AA in different aqueous solutions were found to be 
best fitted by the first-order reaction models, but had significantly different rates. 
Compared to the control group, Na+, K+, Ca2+, Mg2+ had no significant effects on the 
stability of AA, while Zn2+, Cu+, Cu2+, Fe2+, and Fe3+ showed strong influence on the 





L-ascorbic acid (AA), also called vitamin C, exists in many foods, such as blank 
currant (Ribes nigrum), brussels sprouts, green pepper, fruit juice, etc. AA is an essential 
nutrient to maintain human health with many biological activities, such as anti-oxidation, 
anti-aging, anti-cancer, immune regulation, gene regulation, and reduction of 
atherosclerosis (1). However, AA is readily degraded by several factors, such as exposure 
to light, oxygen, high temperature, metal ions, etc. (2). AA degradation is a widespread 
phenomenon during food processing and storage, which can influence the food quality such 
as food colors and flavors, as well as the food shelf-life (3). Therefore, it is important to 
study the kinetic parameters of AA stability. Generally speaking, an nth-order kinetic 
model (e.g., zero, half, first, and second-order) can be used to simulate the degradation rate 
of a certain reaction or a chemical such as AA (4,5), which normally consists of three 
parameters, including the degradation rate constant (k, [con]1-n Day-1), initial concentration 






Previous researchers used first order equation to describe the degradation of AA 
(5,6,7). For example, one study investigated the degradation of AA and color intensity of 
the pasteurized orange juice during its storage, and reported that the former fit the first 
order kinetic model through nonlinear regression line (5). 
Dehydroascorbic acid (DHA) is the first oxidation product of AA. DHA exists in 
many food matrices but its quantification remains difficult because DHA could undergo 
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irreversible hydrolysis to 2,3-diketogulonic acid (DKG), which is not biologically active 
as vitamin C (8). The quantification of DHA is usually performed after its conversion into 
AA in the presence of reducing agents (e.g., various thiol-containing compounds such as 
dithiothreitol (DTT) and 2,3-dimercaptopropanol (BAL)) (9). Regarding the analysis of 
vitamin C in various food products, many methods have been employed, including the 
electrochemical method that is extremely selective and sensitive, the spectrophotometric 
method that is based on the measurement of intensity of light as a beam of light passing 
through sample solution, the spectrofluorimetric method that signifies its high sensitivity 
and specificity, and the chromatographic technique that is based on the separation of 
different compounds between the stationary phase and the mobile phase (8,10). In 
comparison with the aforementioned methods, high-performance liquid chromatography 
(HPLC) processes some advantages in terms of its specificity, sensitivity and easy 
operation. Reversed-phase, bonded-phase NH2, ion-exchange or ion-pair reversed columns 
have been the most frequently used columns for the vitamin C analysis. With regard to 
detection, AA can be easily detected by UV at wavelengths between 245 nm and 254 nm 
(8,11). Although the UV detectors used in HPLC systems is simpler and faster, few HPLC-
UV methods have been validated for the vitamin C analysis because AA and iso-AA peaks 
were rarely resolved and their identification or quantification in complex food products 
remains problematic (8,9).  
The general objective of this study was to study the effects of various metal ions on 
the stability of vitamin C during its storage for 24 hours, which will be elucidated by their 
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degradation kinetics. The stability of vitamin C will be determined by HPLC-UV at 254 
nm wavelength.  
 
2.2 Materials and Methods 
2.2.1 Chemicals and Reagents 
L (+)-ascorbic acid (purity 99 %), zinc chloride (99.99%), iron (II) chloride (purity 
99%), and copper (I) chloride (purity 99.99%) were purchased from Acros Organics 
(Morris Plains, New Jersey, USA). Sodium chloride (purity 99.8%) and calcium chloride 
dihydrate (purity.77.3%) were purchased from Fisher Scientific (Fair Lawn, New Jersey, 
USA). Potassium chloride (purity 99.65%) was purchased from Mallinckrodt Chemical 
(Paris, Kentucky, USA). Magnesium chloride anhydrous (purity 99%) was purchased from 
Alfa Aesar (Ward HIill, Massachusetts, USA). Iron (III) chloride (purity 98%) and copper 
(II) chloride (purity 99%) were purchased from Sigma Chemical (Louis, Missouri, USA). 
Ortho-phosphoric acid (purity 85-90%) was purchased from Honeywell Fluka (Morris 
Plains, New Jersey, USA). All reagents were of analytical grade, except the HPLC grade 
acetonitrile (purity 99.9%) that was purchased from Fisher Scientific (Fair Lawn, New 
Jersey, USA). Deionized water was prepared using a Millipore Synergy UV system 
(Millipore Billerica, MA, USA).  
2.2.2 Instrumentation 
The chromatographic analyses were carried out by the HPLC system that was 
equipped with an Agilent 1200 series system (Agilent Technologies, Inc., Loveland, CO, 
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USA), including a degasser (model: G1379B), a binary pump (model: G1312A), a standard 
autosampler (model: G1329A), a thermostatted column compartment (model: G1316A) 
and a variable wavelength detector (model: G1314B). ChemStation software (Rev. B.03.02) 
was used to control the LC system. 
A reversed-phase (RP) Phenomenex Prodigy 5𝜇𝜇 ODS3 100A (150 mm x 4.6 mm, 5 
𝜇𝜇m) chromatographic column was used for chemical separation under an isocratic mode, 
of which the mobile phase has a constant composition during the chemical separation. The 
mobile phase was composed of solvent A (0.02% phosphoric acid in distilled water with 
pH value of 3.15) and solvent B (acetonitrile) in an isocratic mode in a ratio of 90:10. The 
isocratic program is listed in Table 2.1. Flow rate of the mobile phase was 1 ml min-1, and 
the injection volume was 10 μL. The column temperature was kept at 25°C. 
2.2.3 Preparation of Standards and Metal Ions in Aqueous Solutions 
Preparation of standard solution of vitamin C at concentration of 500 mg/L: 250 mg 
of powder of vitamin C was weighed and dissolved in 500 mL of distilled water in a 500 
mL volumetric flask.  
Preparation of aqueous solutions of metal ions (i.e., Na+, K+, Ca2+, Mg2+, Zn2+, Cu+, 
Cu2+, Fe2+, Fe3+) at concentration of 200 mg/L (approximate 200 ppm): 20 mg of respective 
metal chloride powders (NaCl, KCl, MgCl2, CaCl2, ZnCl2, CuCl, CuCl2, FeCl2, FeCl3) 
were weighed and dissolved in 100 mL of distilled water in 100 mL volumetric flask. Same 
procedures were conducted to prepare the aforementioned respective salt solutions at 200, 
150, 100, 50, and 20, and 10 mg/L. The sample without the addition of any salt was used 
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as the blank control. After mixing 0.7 ml of the standard solutions of ascorbic acid (500 
mg/L) and 0.7 ml of respective metal ions into sample vials (2 ml), the concentrations of 
AA and metal ions should be half of their original values.  
2.2.4 Kinetic studies of the degradation process of AA 
AA was respectively mixed with the different metal ions at the aforementioned 
concentrations, by which the degradation kinetics of AA were investigated during a period 
of 24 hours for most metal ions (i.e., Na+, K+, Ca2+, Mg2+, Zn2+, Fe2+, Fe3+), except the Cu+ 
and Cu2+ ions. The remaining amount of AA in each solution was determined by the HPLC 
method at different time intervals at 0, 2, 4, 6, 8, 12, 16, 20, 24 hours, respectively. On the 
other hand, similar data of the degradation of AA induced by the metal ions (i.e., Cu+ and 
Cu2+) were collected from 15-minute intervals within 6 hours. Triplicate analyses of all the 
samples were conducted under the same chromatographic conditions. The percentage of 
degraded AA was calculated from its residual and initial values, and the natural logarithm 
of the percentage was plotted against time for each degradation set to calculate the 
degradation kinetic parameters, such as the reaction rate and half-life time. 




= K[C]n                       [1] 
Where [C] is the quantitative value of the component under consideration, k is the reaction 
rate constant, and n is the order of the kinetic reaction. Degradations of AA in those 
aforementioned solutions were determined to fit the first-order kinetics. According to this 
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 = －kt   [2] 
Where C0 and Ct are the initial and residual values of AA, respectively. k is the reaction 
rate constant (per hour) and t represents the time (hour). 
The time required for degrading 50% of original concentration of AA was calculated 





                                                 [3] 
Where k is the reaction rate constant (per hour). 
2.2.5 Statistical analysis 
ANOVA was applied for statistical analysis of AA concentration using JMP statistical 
software (JMP® Pro 14.3.0, SAS Institute Inc., Cary, NC, USA). A one-way ANOVA at 
p < 0.05 was used. Each experiment was done in triplicate. Kinetic data were analyzed by 
regression analysis using Microsoft Excel (2019). 
 
2.3 Results and Discussion 
The degradation of ascorbic acid (AA) was studied in the course of its exposure to 
different metal ions in aqueous solutions. During the storage time of 24 hours, the 
concentrations of ascorbic acid in all the samples were found to gradually decrease with 
time at a rate depending on the type of the metal ions. The remaining percentage of ascorbic 
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acid vs time are shown in Table 2.2, while their corresponding data of the degradation of 
ascorbic acid fitted by the first-order kinetics models are depicted from Figure 2.1 to Figure 
2.9. The kinetic parameters, such as the AA loss rate, R2 correlations, half-life time, and 
constants obtained from the fitting using the first-order kinetic models are listed from Table 
2.3 to Table 2.5. 
2.3.1 Effect of Na+, K+, Ca2+, Mg2+ on stability of AA 
Compared to the blank sample (as a control), metal ions of Na+, K+, Ca2+, and Mg2+ 
did not have significant effects on the degradation of ascorbic acid (AA) without 
considering other factors, such as temperature and oxygen in solutions. As shown in Table 
2.2, at 6 hour of storage time, the remaining AA in the Na+, K+, Ca2+, Mg2+ solutions were 
approximately 84 to 87 percent within concentrations of the metal ions from 50 ppm to 100 
ppm, compared to about 89 percent of the remaining AA in the blank. At 24 hour of storage 
time, the remaining AA in the Na+, K+, Ca2+, Mg2+ solutions were approximately 59 to 61 
percent in the aforementioned solutions of metal ions, compared to about 63 percent of the 
remaining AA in the blank. In more details, as shown in the Table 2.3, and Table 2.5, at 
the concentration of 25 mg L-1 of solutions of different metal ions, i.e., Na+, K+, Ca2+, Mg2+, 
the k-value (1.96 x 10-2) of the blank is close to those of Na+ (2.1 x 10-2), K+ (2.04 x 10-2), 
Ca2+ (2.08 x 10-2), and Mg2+ (2.06 x 10-2). Under 100 mg L-1, k values of Na+ (2.19 x 10-
2), K+ (2.18 x 10-2), Ca2+ (2.16 x 10-2), and Mg2+ (2.18 x 10-2) are also very close. Besides, 
the Table 2.5 shows that the half-life times of AA were approximately 33 to 34 hours under 
the same concentration (25 mg L-1) of Na+, K+, Ca2+, and Mg2+. When the concentrations 
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of Na+, K+, Ca2+, and Mg2+ increased, the half-life of AA slightly decreased to 
approximately 31 to 34 hours. Without consideration of other degradation factors, such as 
oxygen in solutions, temperature, and light, the analytical results demonstrated that 
increasing concentrations of Na+, K+, Ca2+, and Mg2+ within the range of 25 to 100 mg L-1 
had no significant effect of degradation on AA compared to the control sample. 
The pH value of the solution was considered as another factor, besides the factors of 
oxygen, temperature, and storage time, to cause the degradation of AA (13,14). For 
example, it was reported that, after a thermal treatment for 40 minutes, the remaining AA 
in an original orange juice (pH 3.9, 90.1% of AA) was higher than that with an addition of 
sodium hydroxide (pH 4.6, 72.1%) (see Table 2.6, (13)). At 80 ºC (heat treatment), 
increasing the pH values of a solution from 1.5 to 7.0 would accelerate the degradation of 
AA (13). In my study of the samples with Na+, K+, Ca2+ and Mg2+ at their concentrations 
of 25 mg L-1, their pH values were measured at 4.61, 4.59, pH 5.12 and 4.62, respectively, 
which were not significantly higher than that of the blank sample (pH 4.25) (Table 2.7). 
2.3.2 Effect of Zn2+, Cu+, Cu2+, Fe2+, Fe3+ on stability of AA 
As shown in Table 2.2, after 24 hours of storage, the remaining percentages of AA 
with Zn2+ within the range of 25 mg L-1 to 100 mg L-1 were 12.8%, 18.1%, 24.6%, and 
35.4% respectively. In addition, the salt (zinc chloride, Zn2+) had a significant effect on the 
degradation of AA compared to the blank in regards of their half-life times (Table 2.5). For 
example, the half-life of AA in the zinc chloride solution at the concentration of 100 ppm 
was determined at 8.1 hours, while its corresponding value of the blank sample was 35.4 
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hours. My results coincided with those of another study on the influence of some trace 
elements (i.e., Se4+, Mg2+, Mn2+, Zn2+) on the stability of AA stock solutions (0.3 mM) (15), 
which reported the amount of AA in presence of Zn2+ (1 ppm of solution of zinc acetate) 
had significant degradation at 80°C compared to the control sets (see Table 2.10, (15)). 
However, previous researchers found that the presence of 100 mg of Zn2+ (zinc sulfate) in 
tablets did not significantly affect the stability of AA even at higher temperature (47, 57, 
67°C) of storage (16) because the remaining contents of AA were maintained at higher 
levels (95 to 100%) (see Table 2.8 and Table 2.9, (16)). However, the study did not provide 
the kinetic parameters. 
Moreover, in this study, under the higher concentrations (25 mg L-1 to 100 mg L-1) of 
zinc chloride and lower pH value within the range of pH 4.19 to pH 4.43, the catalyzed 
reaction was strengthened and accelerated with k-values of Zn2+ in a range of 4.41 x 10-2 
to 8.6 x 10-2 (Table 2.7). Therefore, it was concluded that that Zn2+ had a catalytic action 
on the AA degradation, but depending on its existing status.  
Compared to other metal ions, iron ions (Fe2+ and Fe3+) were found to have greater 
catalytic effect on the degradation of AA. After 24 hours of storage, the remaining 
percentages of AA were all below 10% under all concentrations of Fe2+ (5, 10, 25, 50 mg 
L-1). In comparison, the remaining percentages of AA was below 10% only at 100 mg L-1 
of Fe3+ (Table 2.2). As shown in Table 2.4, the k-value (1.39 x 10-1) of the degradation 
under 100 mg L-1 of Fe2+ is slightly larger than its counterpart (9.47 x 10-2) of Fe3+ at the 
same concentration, which means Fe2+ induced a greater degradation rate or had a higher 
catalytic power than Fe3+. As a result, the half-life time of AA under the Fe2+ ion was 
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determined to be around 5 hours, which was ascribed to the degradation via the Fenton 
reaction (Fe2+/H2O2) (17). With regard to the effect of iron in the Fenton reaction, the 
presence of Fe2+ increased the degradation rate of AA by about a factor of 10 times in 
comparison with its counterpart in the absence of iron. Also, with the increasing 
concentration of Fe2+, the degradation rate of AA was observed to be increased (see Figure 
2.10, (17)). Regarding the kinetic and thermodynamic parameters of AA oxidation via the 
Fenton reaction at varying pH values, lower pH value was observed to lead a higher 
degradation rate (see Table 2.11, (17)). In comparison, the effect of ferric chloride (Fe3+) 
on the AA oxidation was slightly less than that of ferrous chloride (Fe2+). At the higher 
concentration of Fe3+, the degradation rate of AA increased (18). In this study, the influence 
of ferrous ion on the AA degradation was observed to be greater than the ferric ion, which 
was ascribed to the existence of more highly reactive hydroxyl radicals that were generated 
from the Fenton reaction between the ferrous ions and hydrogen peroxides. (Table 2.7). 
Copper (Cu+ and Cu2+) ions were found to have the greatest catalytic effects on the 
degradation of AA among all the studied metal ions (i.e., Na+, K+, Ca2+, Mg2+, Zn2+, Cu+, 
Cu2+, Fe2+, Fe3+) in this study. After 24 hours, the remaining percentages of AA with 10, 
25 and 50 mg L-1 of Cu+ approached to nearly 0 % in 3 hours. Similarly, the AA with 10, 
25 and 50 mg L-1 of Cu2+ was completely degraded in 2.75 hours (Table 2.2). With the 
increasing concentrations of Cu+ and Cu2+, AA was observed with an accelerated 
degradation rate. Its k-values for the degradation of AA in the 50 mg L-1 of Cu+ and Cu2+ 
ions were close to each other (2.377 vs 2.339), but are nearly 120 times higher than k-value 
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(1.96 x 10-2) of the control group. Generally speaking, there was a similarity of the 
degradation rate of AA in the Cu+ and Cu2+ solutions (Table 2.4). 
The decomposition of hydrogen peroxide oxidized by the iron and copper ions could 
cause the production of reactive oxidants (such as hydrogen peroxide, hydroxyl radical, 
alkoxyl radical, etc.), and thus leading the oxidation of different organic compounds (19). 
To understand the reactive species in the Fenton system, some organic compounds, such 
as phenol, benzoic acid, and methanol, were studied in the iron- and copper-catalyzed 
reactions at different pH values. It was found that, at lower pH values, more reactive 
oxidants are ready to be formed in metal (e.g., iron and copper) catalyzed systems (19). 
Therefore, it was hypothesized that ascorbic acid was catalyzed by the iron or copper ions 
because more reactive oxidants were generated at lower pH values (Table 2.7). In addition, 
the rate of the catalyzed oxidation of AA was affected by the oxygen concentration and pH 
values (20). For example, at 1 atm of partial pressure of oxygen and pH 3.85, the 
degradation rate of AA with the cupric ion (8.2 x 103) was larger than that of the ferric ion 
(2.6 x 103). However, at 0.19 atm of partial pressure of oxygen and pH 3.0, the degradation 
rate of AA of the ferric ion (1.8 x 102) was larger than that of the cupric ion (7.5 x 101), 
though both rates significantly decreased under the exposure to partial oxygen (see Table 
2.12, Table 2.13, (20)). Therefore, when comparing the degradation constants of AA with 
copper, iron, and other ions, it is important to determine both the actual pressure of oxygen 
and pH values instead of only using pH dependence factor to make conclusions. In my 
study, under normal atmospheric pressure (1 atm) and pH 4 to 4.35 of samples (Table 2.7), 
the degradation rates of AA in the copper ion were measured to be larger than those in the 
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iron ion (Table 2.4). In addition, this study showed that copper ions (Cu+ and Cu2+) had 
stronger catalytic influence on the degradation of AA compared to the other studied metal 
ions (Na+, K+, Ca2+, Mg2+, Zn2+, Fe2+, Fe3+). 
2.4 Conclusion 
Stability of ascorbic acid (AA) affected by the metal ions (i.e., Na+, K+, Ca2+, Mg2+, 
Zn2+, Cu+, Cu2+, Fe2+, and Fe3+) were investigated in this study. According to the 
determined k-values of the stability of AA in the aforementioned different metal ions, Na+, 
K+, Ca2+, and Mg2+ did not exhibit the significant effect on the degradation of AA compared 
to the control group, while other studied metal ions, including Zn2+, Cu+, Cu2+, Fe2+, and 
Fe3+ within their addition range from 5 mg L-1 to 50 mg L-1, had significantly catalyzed the 
degradation of AA. Although the effect of zinc on the oxidation of AA is still unclear 
because different studies involved different zinc compounds and temperatures. The 
significant effects of copper and iron ions on the stability of AA are relatively clear, which 
are ascribed to the pH dependence and oxygen dependence in the Fenton (Fenton-like) 
system. In summary, the effect of the studied metal ions on the degradation of AA was 




2.5 Figures and Tables 
 
Figure 2.1 Kinetics of ascorbic acid (AA) degradation in aqueous solutions of NaCl at different concentrations. * Ct: 





Figure 2.2 Kinetics of ascorbic acid (AA) degradation in aqueous solutions of KCl at different concentrations. * Ct: 






Figure 2.3 Kinetics of ascorbic acid (AA) degradation in aqueous solutions of CaCl2 at different concentrations. * Ct: 





Figure 2.4 Kinetics of ascorbic acid (AA) degradation in aqueous solutions of MgCl2 at different concentrations. * Ct: 






Figure 2.5 Kinetics of ascorbic acid (AA) degradation in aqueous solutions of ZnCl2 at different concentrations. * Ct: 







Figure 2.6 Kinetics of ascorbic acid (AA) degradation in aqueous solutions of CuCl at different concentrations. * Ct: 






Figure 2.7 Kinetics of ascorbic acid (AA) degradation in aqueous solutions of CuCl2 at different concentrations. * Ct: 







Figure 2.8 Kinetics of ascorbic acid (AA) degradation in aqueous solutions of FeCl2 at different concentrations. * Ct: 






Figure 2.9 Kinetics of ascorbic acid (AA) degradation in aqueous solutions of FeCl3 at different concentrations. * Ct: 






Figure 2.10 Isothermal heat rates at different concentrations of ascorbic acid (AA) and 0.25 mM Fe2+ in pH 6.5 Britton-
Robinson buffer (17). 
From Ref: S.M.K. Hasan.; M. Scampicchio.; G Ferrentino.; M.O Kongi.; L.D. Hansen. Thermodynamics and kinetics of the Fenton reaction 










Table 2.1 HPLC Isocratic Elution Program of AA 
 
Time (min) Solvent A (%, v/v) 
0.2% Phosphoric acid in water 
Solvent B (%, v/v) 
Acetonitrile 
pH 












Table 2.2 Remaining percentage of AA during a storage time of 24 hours in different salt solutions 
Time (Hour) 0 2 4 6 8 12 16 20 24 
Blank 100% 96.3% 93.5% 89.7% 86.3% 80.3% 73.1% 67.5% 63% 
NaCl          
25 ppm 100% 97.6% 93% 87.6% 83.4% 77.5% 71.1% 65.4% 61.6% 
50 ppm 100% 97.2%    92.3% 87.3% 83.2% 76.5% 70.8% 65% 61.1% 
75 ppm  100% 96.1% 91.6% 86.9% 82.4% 76.2% 70.1% 64.2% 60.6% 
100 ppm 100% 95.8% 90.6% 86.6% 82.2% 75.8% 69.1% 63.3% 59.8% 
KCl          
25 ppm 100% 96.5% 91.6% 87.3% 82.5% 77.4% 70.0% 65.3% 62.4% 
50 ppm 100% 96.4% 90.7% 87.1% 82.1% 76.9% 69.9% 64.3% 61.4% 
75 ppm 100% 95.9% 89.5% 86.6% 81.6% 76.4% 69.1% 63.7% 60.8% 
100 ppm 100% 94.9% 89.1% 85.5% 80.7% 75.2% 68.2% 62.6% 60.2% 
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Time (Hour) 0 2 4 6 8 12 16 20 24 
CaCl2          
25 ppm 100% 95.8% 90.5% 86.1% 82.4% 76.2% 70.0% 65% 61% 
50 ppm 100% 95.4% 90.2% 84.8% 81.4% 75.9% 68.8% 64.5% 60.6% 
75 ppm  100% 94.9% 89.5% 84.4% 80.6% 75.4% 68.3% 63.4% 60.2% 
100 ppm 100% 94.2% 89.2% 84.0% 80.2% 74.4% 67.5% 63.1% 59.6% 
MgCl2          
25 ppm 100% 96.7% 91.8% 86.4% 82.5% 77.0% 70.6% 64.9% 62.0% 
50 ppm 100% 95.7% 92.2% 87.2% 82.9% 76.5% 70.5% 64.6% 61.3% 
75 ppm 100% 95.9% 92.5% 87.9% 82.6% 75.4% 69.5% 64.5% 60.8% 






Time (Hour) 0 0.25 0.5 1 1.5 1.75 2 3 5 
CuCl          
5 ppm 100% 72.3% 51.5% 35.2% 25.7% 21.7% 18.8% 10.1% 3.6% 
10 ppm 100% 70.8% 48.8% 23.9% 12.2% 7.4% 4.7% 0%  
25 ppm  100% 67.6% 46.1% 18.1% 3.6% 0%    
50 ppm 100% 62.4% 41% 13% 0%     
CuCl2          
5 ppm 100% 71.0% 55.0% 39.0% 28.9% 25% 21.4% 11.7% 4.5% 
10 ppm 100% 66.8% 51.0% 30.8% 15.7% 10.4% 6.7% 0% (2.75 h)  
25 ppm 100% 65.5% 47.1% 19.7% 3.9% 0.5% 0%   






Time (Hour) 0 2 4 6 8 12 16 20 24 
FeCl2          
5 ppm 100% 63.5% 46.6% 37.5% 30.1% 20.3% 13.4% 9.7% 8.0% 
10 ppm 100% 62.2% 44.7% 35.8% 28.5% 18.1% 11.7% 8.5% 6.4% 
25 ppm  100% 60.7% 43% 33.1% 25.7% 15.9% 9.6% 6.8% 5.2% 
50 ppm 100% 58.4% 40.8% 30.1% 23.4% 13.4% 7.2% 4.7% 3.3% 
FeCl3          
5 ppm 100% 83.4% 69.9% 59.1% 49.8% 37.7% 29.9% 24.0% 21.5% 
10 ppm 100% 73.9% 60.8% 50.5% 42.2% 31.3% 23.3% 18.0% 15.6% 
25 ppm 100% 70.3% 55.9% 45.5% 37.4% 27.5% 19.9% 14.7% 12.1% 






Time (Hour) 0 2 4 6 8 12 16 20 24 
ZnCl2          
25 ppm 100% 91.1% 82.1% 71.9% 64.9% 53.1% 45.4% 40.5% 35.4% 
50 ppm 100% 84.7% 74.4% 65.0% 55.8% 43.4% 33.1% 29.2% 24.6% 
75 ppm  100% 83.4% 67.7% 52.5% 41.0% 32.5% 23.5% 21.0% 18.1% 















Table 2.3 Rate constant (k) (Hour-1), correlation coefficient (R2), and half-life (t1/2) (Hour) of ascorbic acid (AA) in blank 
sample during storage time of 24 hours 
 
Sample type  
 k R2 t1/2 













Table 2.4 Rate constant (k) (Hour-1), correlation coefficient (R2), and half-life (t1/2) (Hour) of ascorbic acid (AA) in different 
metal ions (Cu+, Cu2+, Fe2+, Fe3+) and concentrations (5, 10, 25, 50 mg L-1) during storage time of 24 hours 
 
Sample type Concentrations of different salt solutions 
 5 mg L-1 10 mg L-1 25 mg L-1 50 mg L-1 
 k R2 t1/2 k R2 t1/2 k R2 t1/2 k R2 t1/2 
CuCl 0.6110 0.9867 1.13 1.586 0.9896 0.44 2.096 0.966 0.33 2.377 0.9658 0.27 
CuCl2 0.5746 0.9878 1.21 1.515 0.9623 0.46 2.062 0.962 0.34 2.339 0.9508 0.30 
FeCl2 0.1020 0.9722 6.79 0.1106 0.9777 6.27 0.1205 0.9779 5.75 0.139 0.9856 4.99 















Table 2.5 Rate constant (k) (Hour-1), correlation coefficient (R2), half-life (t1/2) (Hour) of ascorbic acid (AA) in different metal 





Concentrations of different salt solutions  
 25 mg L−1 50 mg L-1 75 mg L-1 100 mg L-1 
 k R2 t1/2 k R2 t1/2 k R2 t1/2 k R2 t1/2 
NaCl 0.0210 0.9955 33.0 0.0212 0.9960 32.7 0.0213 0.9951 32.5 0.0219 0.9963 31.6 
 KCl 0.0204 0.9916 34.0 0.0209 0.9933 33.2 0.0212 0.9918 32.7 0.0218 0.9920 31.8 
CaCl2 0.0208 0.9949 33.3 0.0210 0.9911 33.0 0.0213 0.9893 32.5 0.0216 0.9889 32.1 
MgCl2 0.0206 0.9926 33.6 0.0210 0.9956 33.0 0.0215 0.9945 32.2 0.0218 0.9934 31.8 











Table 2.6 AA stability in heat-treated (80°C for 40 min) lemon and orange juices and the effect of additives (13)1. 
 
 Orange Juice    Lemon juice   
  AA retained    AA retained  
Addictive pH (mg/L) percent Addictive pH (mg/L) percent 
None 3.90 610 90.1% None 2.2 448 86.2% 
NaOH 4.6 488 72.1% NaOH 3.9 421 81.0% 
HCl 3.0 600 88.6% NaOH 3.0 426 81.9% 
HCl 2.2 595 87.9% HCl 1.5 422 81.2% 
Na2S2O5 3.9 641 94.7% Na2S2O5 2.2 497 95.6% 
Citric acid 3.55 604 89.2% Citric acid 2.1 442 85.0% 
 
1AA contents of untreated and unheated juices are 677 mg L-1 for orange juice and 520 mg L-1 for lemon juice. 
 
 
From Ref: M.G. Roig.; Z.S. Rivera.; J.F. Kennedy. A model study on rate of degradation of l-ascorbic acid during processing using home-







Table 2.7 pH values of AA samples in solutions with different metal ions1,2,3 
 NaCl KCl MgCl2 CaCl2 ZnCl2 
100 mg L-1 4.75 ± 0.02 a 4.71 ± 0.04 a 4.76 ± 0.06 a 4.74 ± 0.03 a 4.19 ± 0.02 a 
75 mg L-1 4.70 ± 0.03 a,b 4.67 ± 0.03 a, b 4.69 ± 0.05 b 4.69 ± 0.03 b 4.28 ± 0.03 b 
50 mg L-1 4.65 ± 0.03 b 4.63 ± 0.04 a, b   4.64 ± 0.03 b, c 4.64 ± 0.02 c 4.36 ± 0.04 c 
25 mg L-1 4.61 ± 0.05 c 4.59 ± 0.02 a, b 4.57 ± 0.02 c 4.58 ± 0.03 d 4.43 ± 0.03 d 
 CuCl CuCl2 FeCl2 FeCl3  
50 mg L-1 4.03 ± 0.05 d 4.08 ± 0.05 c 4.14 ± 0.03 c 4.25 ± 0.03 b  
25 mg L-1 4.07 ± 0.02 c 4.14 ± 0.03 b, c 4.19 ± 0.02 b, c 4.28 ± 0.04 b  
10 mg L-1 4.12 ± 0.03 b 4.19 ± 0.02 a, b 4.23 ± 0.03 b 4.31 ± 0.04 a, b  
5 mg L-1 4.17 ± 0.03 a 4.23 ± 0.04 a 4.28 ± 0.02 a 4.35 ± 0.02 a  
 
1pH value of Blank sample (AA): 4.52 ± 0.03. 2All data are expressed as means ± standard deviation (M ± SD). 3Means in the same column 
with different superscript letters are significantly different (P < 0.05), while means the same column with same superscript letters are not 
significantly different (P > 0.05). 
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Table 2.8 Summary of ascorbic acid with zinc sulphate in different tablet formulations (16) 
 
a5%, b10%, c20% embedded / coated material. 
 
From Ref: A.K. Singla.; A. Nagrath. Stability of ascorbic acid-zinc sulphate tablets, drug development and industrial pharmacy. 1988. 
14(10):1471-1479. 
Raw material Formulation, mg per tablet 
 A B C D E F G H I J K L M 
Ascorbic acid (AA) 500 500 500 500 500        500 
Coated AA 
(commercial) 
           500  
Zinc sulphate 100 100    100 100 100 100 100 100 100  
Zinc sulphate, 
embedded in PEG 
  105.3a 111b 125c         
Starch. (0.5%) 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75 
Lactose, anhydrous  114.38            
Calcium sulphate, 
anhydrous 
114.38  109.08 103.38 89.38 88.08 58.82 58.82 26.18 4.38 104.38 114.38 214.38 
Stearic acid (1.75%) 13.12 13.12 13.12 13.12 13.12 13.12 13.12 13.12 13.12 13.12 13.12 13.12 13.12 
Talc, (2.5%) 18.75 18.75 18.75 18.75 18.75 18.75 18.75 18.75 18.75 18.75 18.75 18.75 18.75 
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Table 2.9 Percent of ascorbic acid in tablet stored for 80 days at different temperature (°C) (16) 
 
Formulation 47°C 57°C 67°C Formulation 47°C 57°C 67°C 
A1 100% 98% 96% H 99.0% － － 
B 97.3% 95.32% 95.31% I 99.21% － － 
C 97.0% 96.74% 96.6% J 99.34% － － 
D 98.0% 96.68% 98.12% K － 97.91% 97.31% 
E 98.45% 98.11% 98.0% L 99.7% 98.0% 97.42% 
F 93.45% 91.41% 86.6% M2 97.41% 95.42% 94.21% 
G 94.56% 93.36% 83.26     
 
1Ascorbic acid with Zn2+; 2Ascorbic acid without Zn2+ 
 

















0.03 mM vit C 
Control 
0.03 mM vit C 
Zn2+ 
0.03 mM vit C 
Se4+ 
0.03 mM vit C 
Mn2+ 
0.03 mM vit C 
Mg2+ 
C90 °C (%) 51.14 ± 0.15 52.44 ± 0.73 60.43 ± 2.31 51.14 ± 0.71 56.74 ± 1.82 
C80 °C (%) 76.44 ± 1.32 79.36 ± 1.43 83.88 ± 1.52 79.44 ± 1.11 82.06 ± 1.15 
K90 °C (h-1) 0.082 ± 0.002 0.080 ± 0.002 0.062 ± 0.004 0.082 ± 0.001 0.070 ± 0.002 
K80 °C (h-1) 0.035 ± 0.001 0.027 ± 0.005 0.021 ± 0.004 0.035 ± 0.003 0.024 ± 0.003 
t10% 20 °C (Days) 94.98 ± 0.74 73.09 ± 1.07 127.45 ± 1.92 94.98 ± 0.93 110.44 ± 1.5 
t10% 0 °C (Years) 2.20 ± 0.02 1.57 ± 0.04 2.97 ± 0.07 2.19 ± 0.03 2.56 ± 0.04 
 
C90 °C (%) vit. C content after accelerated aging test at 90 °C, C80 °C (%) vit. C content after accelerated aging test at 80 °C, K90 °C (h-1) vit. C 
decomposition constant at 90 °C, K80 °C (h-1) vit. C decomposition at 80 °C, t10% 20 °C (Days) vit. C stability at 20 °C, t10% 0 °C (Years) vit. C 
stability at 0 °C p < 0.05, statistically in comparison to controls-vit. C solution with no microelement added 
 
From Ref: B. Dolińska.; A. Ostróżka-Cieślik.; A. Caban.; K. Rimantas.; L. Leszczyńska.; F. Ryszka. Influence of trace elements on 
stabilization of aqueous solutions of ascorbic acid. Biological Trace Element Research. 2012. 150(1-3):509-512. 
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Table 2.11 Kinetic and thermodynamic parameters for AA oxidation at different pH in Britton-Robinson buffer solutions with 
0.50 mM AA, 0.25 mM Fe2+ and 98 mM H2O2 (17). 
 
pH k (10-3 S-1) Qtot/J 
2.0 4.11±0.30 28.6±1.7 
4.0 4.07±0.29 28.2±2.3 
5.0 3.35±0.27 40.5±3.1 
6.0 2.62±0.23 61.6±4.8 
7.0 2.39±0.21 ±5.6 
 
 
From Ref: S.M.K. Hasan.; M. Scampicchio.; G Ferrentino.; M.O Kongi.; L.D. Hansen. Thermodynamics and kinetics of the Fenton reaction 








Table 2.12 Specific rate constants (M-1Sec-1) for the oxidation of ascorbic acid catalyzed by ferric ion under different partial 
pressure of oxygen (20). 
 
  -Log [H+]  
Partial of oxygen, atm 3.00 3.45 3.85 
1.00 5.6 x 102 1.5 x 103 2.6 x 103 
0.81 3.6 x 102 1.2 x 103 2.1 x 103 
0.62 1.6 x 102 7.6 x 102 1.6 x 103 
0.40 1.0 x 102 4.6 x 102 9.6 x 102 
0.19 7.5 x 101 2.1 x 102 6.0 x 102 
 
* Temperature: 25ºC 
 
From Ref: M.M. Khan.; A.E. Martell. Metal ion and metal chelate catalyzed oxidation of ascorbic acid by molecular oxygen.  I. Cupric and 
ferric ion catalyzed oxidation. Journal of the American Chemical Society. 1967. 89(16): 4176-4185. 
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Table 2.13 Specific rate constants (M-1Sec-1) for the oxidation of ascorbic acid catalyzed by cupric ion under different partial 
pressure of oxygen (20). 
 
  -Log [H+]  
Partial of oxygen, atm 3.00 3.45 3.85 
1.00 11 x 102 16 x 102 8.2 x 103 
0.81 8.6 x 102 13 x 103 7.0 x 103 
0.62 6.0 x 102 9.5 x 102 4.8 x 103 
0.40 4.6 x 102 6.5 x 102 3.9 x 103 
0.19 1.8 x 102 3.2 x 102 2.0 x 103 
 
* Temperature: 25 ºC 
 
From Ref: M.M. Khan.; A.E. Martell. Metal ion and metal chelate catalyzed oxidation of ascorbic acid by molecular oxygen.  I.  Cupric 




1. M.Y. Zou.; S.P. Nie.; J.Y. Yin.; M.Y. Xie. Ascorbic acid induced degradation of 
polysaccharide from natural products: a review. International Journal of Biological 
Macromolecules. 2020. 151:483-491.  
 
2. L. Sapei.; L. Hwa. Study on the kinetics of vitamin C degradation in fresh strawberry 
juices. Procedia Chemistry. 2014. 9:62-68. 
 
3. M.M.I. Al-Zubaidy.; R.A. Khalil. Kinetic and prediction studies of ascorbic acid 
degradation in normal and concentrate local lemon juice during storage. Food 
Chemistry. 2007. 101(1):254-259. 
 
4. S. Roidoung.; K.D. Dolan.; M. Siddiq. Estimation of kinetic parameters of 
anthocyanins and color degradation in vitamin C fortified cranberry juice during 
storage. Food Research International. 2017. 94:29-35. 
 
5. H. Remini.; C. Mertz.; A. Belbahi.; N. Achir.; M. Dornier.; K. Madani. Degradation 
kinetic modelling of ascorbic acid and color intensity in pasteurized blood orange 
juice during storage. Food Chemistry. 2015. 173:665-673. 
 
6. M.C. Giannakourou; P.S. Taoukis. Kinetic modelling of vitamin C loss in frozen 
green vegetables under variable storage conditions. Food Chemistry. 2003. 83:33-41. 
 
7. A. Derossi.; T.D. Pilli.; A.G. Fiore. Vitamin C kinetic degradation of strawberry juice 
stored under non-isothermal conditions. LWT- Food Science and Technology. 2010. 
43(4):590-595. 
 
8. I. Odriozola-Serrano.; T. Hernández-Jover.; O. Martín-Belloso. Comparative 
evaluation of UV-HPLC methods and reducing agents to determine vitamin C in fruits. 
Food Chemistry. 2007. 105(3):1151-1158. 
 
9. P. Fontannaz.; T. Kilinç.; O. Heudi. HPLC-UV determination of total vitamin C in a 
wide range of fortified food products. Food Chemistry. 2006. 94(4):626-631. 
 
10. S. Bodur.; S. Erarpat.; U. Balçık.; S. Bakırdere. A rapid, sensitive and accurate 
determination of cobalamin with double monitoring system: HPLC-UV and HPLC-
ICP-OES. Food Chemistry. 2021. 340, Article 127945. 
 
11. M.G. Paulo.; H.M.C. Marques.; J.A.G. Morais.; A.J. Almeida. An isocratic LC 
method for the simultaneous determination of vitamins A, C, E and β-carotene. 




12. T.P. Labuza.; D. Riboh. Theory and application of arrhenius kinetics to the prediction 
of nutrients losses in foods. Journal of Food Technology. 1982. 36(10):66-74. 
 
13. M.G. Roig.; Z.S. Rivera.; J.F. Kennedy. A model study on rate of degradation of l-
ascorbic acid during processing using home-produced juice concentrates. 
International Journal of Food Sciences and Nutrition. 1995. 46(2):107-115. 
 
14. J.P. Yuan.; F. Chen. Degradation of ascorbic acid in aqueous solution. Journal of 
Agricultural and Food Chemistry. 1998. 46(12):5078-5082. 
 
15. B. Dolińska.; A. Ostróżka-Cieślik.; A. Caban.; K. Rimantas.; L. Leszczyńska.; F. 
Ryszka. Influence of trace elements on stabilization of aqueous solutions of ascorbic 
acid. Biological Trace Element Research. 2012. 150(1-3):509-512. 
 
16. A.K. Singla.; A. Nagrath. Stability of ascorbic acid-zinc sulphate tablets, drug 
development and industrial pharmacy. 1988. 14(10):1471-1479. 
 
17. S.M.K. Hasan.; M. Scampicchio.; G Ferrentino.; M.O Kongi.; L.D. Hansen. 
Thermodynamics and kinetics of the Fenton reaction in foods. Thermochimica Acta. 
2019. 682:178420-. https://doi.org/10.1016/j.tca.2019.178420. 
 
18. S. Pervaiz.; M.A Farrukh.; R. Adnan.; F.A. Qureshi. Kinetic investigation of redox 
reaction between vitamin C and ferric chloride hexahydrate in acidic medium. Journal 
of Saudi Chemical Society. 2012. 16(1):63-67. 
 
19. H. Lee.; H.J Lee.; D.L. Sedlak.; C. Lee. pH-Dependent reactivity of oxidants formed 
by iron and copper-catalyzed decomposition of hydrogen peroxide. Chemosphere. 
2013. 92(6): 652-658. 
 
20. M.M. Khan.; A.E. Martell. Metal ion and metal chelate catalyzed oxidation of 
ascorbic acid by molecular oxygen.  I.  Cupric and ferric ion catalyzed oxidation. 

















EFFECT OF METAL IONS ON STABILITY OF NIACIN 
 
Abstract 
The effects of nine metal ions (i.e., Na+, K+, Ca2+, Mg2+, Zn2+, Cu+, Cu2+, Fe2+, and 
Fe3+) on stability of niacin (NA) in aqueous solutions during 24 hours of storage was 
investigated. The temperature of storage was at 4 ºC, while all studies were conducted at 
25 ºC. Levels of concentration of copper and iron ions in aqueous solutions were at 5, 10, 
25, and 50 mg L-1, while the concentrations of other metal ions in solutions were at 25, 50, 
75, and 100 mg L-1. pH values on different sample concentrations were also measured. 
Determination of samples was performed by HPLC using an isocratic elution program with 
a Phenomenex Prodigy 0DS3 100A analytical column (150mm x 4.6 mm, 5 μm) and 
detected at 260 nm wavelength. Mobile phase in an isocratic mode consisted of 0.02% 
phosphoric acid in water (A) and acetonitrile (B) in a ratio of 90:10 (v/v). In this study, 
degradation kinetics for NA in different aqueous solutions were not fitted by the first-order 
reaction models, rather, NA was so stable that its remaining percentage in each sample 
remained nearly 100%. During 24 hours of storage, Na+, K+, Ca2+, Mg2+, Zn2+, Cu+, Cu2+, 
Fe2+, Fe3+ had no significant effects on the stability of NA compared to the control group. 
 
3.1 Introduction 
Nicotinic acid and nicotinamide are commonly known as niacin (Vitamin B3), which 
are precursor of the nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine 
dinucleotide phosphate (NADP) (1,2). Nicotinic acid and nicotinamide can be gained from 
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different sources. Nicotinic acid is found in algae and plants, while nicotinamide exists in 
many animal-based foods, such as chicken breast, steak fillet, etc (1). Most water-soluble 
vitamins can be affected by some degradation factors, such as exposure to light, heat 
treatment, level of oxygen concentration, etc (3). However, niacin is resistant to heat, air, 
and oxidants, but this compound is readily hydrolyzed in strong acids and alkaline solutions 
(3,4). Generally, in order to understand chemical’s degradation rate, researchers commonly 
employ kinetic models involving the concentrations of products (nutrition changes) and 
reaction time (4), for which the equation of the nth- order reaction for the degradation of 
vitamins is expressed as: 
dC
dt
  = －KC 
where “C” is the concentration of the nutrient; “t” is the time, and K is the rate constant 
(4,5). After integration, this equation can also be expressed as: 
C = C0 x e-kt 
where “C0” is the initial concentration of the nutrient (4).  
Niacin can be determined by colorimetric, microbiological, and HPLC methods (6,7). 
The AOAC (the Association of Official Analytical Chemists) colorimetric methods is 
based on König reaction, in which pyridine derivatives (heterocyclic nitrogen) are reacted 
with cyanogen bromide (CNBr, high toxic compound) and an aromatic amine, sulphanilic 
acid, to form yellow polymethine dyes, of which the absorbance is proportional to the 
niacin content (8). 
However, this method that involves reaction with all 3-pyridine derivatives lacks 
specificity, and is required to use the highly toxic reagent, cyanogen bromide (6,9). 
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Regarding the AOAC microbiological assay, it could be determined by using 
microorganism, such as Lactobacillus casei, Leuconostoc mesenteroides subsp. 
Mesenteroides, or Lactobacillus plantarum. Although this assay is useful and specific, it is 
time-consuming due to incubation time of 24 hours (10). Thus, HPLC method has been 
used to determine niacin in fortified food, such as cereal, meat, and petfood (10), because 
the HPLC method has several advantages: increased specificity, reproducibility and 
reliability, through chemical identification by comparing their retention times and UV 
spectra (260 nm) to those of the standard. Besides, if the HPLC method is coupled with a 
more selective and sensitive mass spectrometer (LC-MS/MS), the chemical identification 
will be easier and faster in light of the elucidation of structural information, such as mass 
to charge ratio (m/z) and fragmentation patterns (6). For example, the highly selective and 
sensitive LC–ESI (electrospray)-MS/MS method has been applied to the quantitative 
analysis of the natural content of vitamins (B1, B2, B3 and B6) in typical Italian pasta, as 
well as in fortified pasta products in the US market (11). 
The aims of this work were to set up models to study the effects of different metal 
ions on the stability (or content) of nicotinic acid during a period of storage of 24 hours, 
compare the degradation rates of nicotinic acid in different samples, and calculate the 
kinetic parameters of the degradation, so as to explicitly understand the possible 




3.2 Materials and Methods 
3.2.1 Chemicals and Reagents 
Nicotinic acid (NA, purity 99.5%), zinc chloride (99.99%), iron (II) chloride (purity 
99%), and copper (I) chloride (purity 99.99%) were purchased from Acros Organics 
(Morris Plains, New Jersey, USA). Sodium chloride (purity 99.8%) and calcium chloride 
dihydrate (purity.77.3%) were purchased from Fisher Scientific (Fair Lawn, New Jersey, 
USA). Potassium chloride (purity 99.65%) was purchased from Mallinckrodt Chemical 
(Paris, Kentucky, USA). Magnesium chloride anhydrous (purity 99%) was purchased from 
Alfa Aesar (Ward HIill, Massachusetts, USA). Iron (III) chloride (purity 98%) and copper 
(II) chloride (purity 99%) were purchased from Sigma Chemical (Louis, Missouri, USA). 
Ortho-phosphoric acid (purity 85-90%) was purchased from Honeywell Fluka (Morris 
Plains, New Jersey, USA). All reagents were of analytical grade, except the HPLC grade 
acetonitrile (purity 99.9%) that was purchased from Fisher Scientific (Fair Lawn, New 
Jersey, USA). Deionized water was prepared using a Millipore Synergy UV system 
(Millipore Billerica, MA, USA). 
3.2.2 Instrumentation 
The chromatographic measurements were carried out with HPLC system equipped 
with an Agilent 1200 series system (Agilent Technologies, Inc., Loveland, CO, USA), 
including a degasser (model: G1379B), a binary pump (model: G1312A), a standard 
autosampler (model: G1329A), a thermostatted column compartment (model: G1316A) 
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and a variable wavelength detector (model: G1314B). ChemStation software (Rev. B.03.02) 
controlled the LC system. 
A reversed-phase Phenomenex Prodigy 5µ ODS3 100A (150mm x 4.6 mm, 5µm) 
chromatographic column was used for sample separation under an isocratic elution, for 
which a mobile phase has a constant composition during LC separation. Solvent A (0.02% 
phosphoric acid in distilled water with pH values of 3.15) and Solvent B (acetonitrile) in a 
ratio of 9 to 1 constitutes the mobile phase used for the isocratic elution. The isocratic 
program is listed in Table 3.1. The flow rate was 1 ml min-1, and the injection volume was 
10 μL. The column temperature was kept at 25 °C. 
3.2.3 Preparation of Standards and Metal Ions in Aqueous Solutions 
Preparation of standard solution of vitamin NA at concentration of 500 mg L-1: 250 
mg of standard powder of vitamin NA was weighed and dissolved in 500 mL of distilled 
water in a 500 mL volumetric flask.  
Preparation of aqueous solutions of metal ions (i.e., Na+, K+, Ca2+, Mg2+, Zn2+, Cu+, 
Cu2+, Fe2+, Fe3+) at concentration of 200 mg/L (approximate 200 ppm): 20 mg of respective 
metal ion chloride powders (i.e., NaCl, KCl, MgCl2, CaCl2, ZnCl2, CuCl, CuCl2, FeCl2, 
FeCl3) were weighed and dissolved in 100 mL of distilled water in 100 mL volumetric 
flask. Same procedures were conducted to prepare the aforementioned respective salt 
solutions at 200, 150, 100, 50, and 20, and 10 mg L-1. The sample without the addition of 
any salt was used as the blank control. After mixing together with 0.7 mL of the aqueous 
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solutions of metal ions and 0.7 mL of standards of vitamin NA in vials, all values of 
concentration should be half of original concentration.  
3.2.4 Kinetic Studies of the Degradation Process of NA 
The aqueous solutions of NA were separately subjected to different concentrations of 
the metal ions to study its degradation rate. S. Khamila., (2020) showed that niacin had no 
significant loss (P > 0.05) in fortified flour including iron and zinc for storage time of 6 
months (12). Therefore, all samples (Na+, K+, Ca2+, Mg2+, Zn2+, Cu+, Cu2+, Fe2+, Fe3+) at 
25 °C were determined during storage time of 24 hours. Data were collected from different 
time interval, including 0, 2, 4, 6, 8, 12, 16, 20, 24 hours, respectively. Triplicate injections 
of all samples were applied using previously described chromatographic conditions. The 
remaining percentage of degraded NA was calculated from its initial and remaining values, 
and the natural logarithm of the remaining concentration percentage was plotted against 
time for each degradation set to calculate the degradation rate and its half-life. 




= K[C]n  [1] 
Where [C] is the quantitative value of the component under consideration, k is the 
degradation rate constant, and n is the order of the kinetic reaction. If the degradation of 
NA be determined to fit a first-order kinetics, the equation for the first order kinetics after 
integration of Equation (1) can be written as: 
     Ln Ct
c0
 = －kt                         [2] 
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Where 𝐶𝐶0 and 𝐶𝐶𝑑𝑑 are the initial and residual values of NA, respectively. k is the reaction 
rate constant (per hour) and t represents the time (hour). 
The time required degrading 50% of original concentrations of NA can be calculated 





                              [3] 
Where k is the degradation rate constant (per hour). 
 
3.2.5 Statistical Analysis 
ANOVA was applied for statistical analysis of the NA concentration using R Studio 
(Version 1.3.1093). A one-way ANOVA at p < 0.05 was used. Each experiment was done 
in triplicate and the mean values were taken for calculations. Kinetic data were analyzed 
by regression analysis using MS Excel. 
3.3 Results and Discussion 
  The degradation of nicotinic acid (NA) was studied in the course of its exposure to 
different metal ions in aqueous solutions. During the storage time of 24 hours, the 
concentrations of NA in all the samples were found to maintain at 100% regardless of the 
types of the metal ions (i.e., Na+, K+, Ca2+, Mg2+, Zn2+, Cu+, Cu2+, Fe2+, Fe3+). The 
remaining percentage of nicotinic acid vs time are shown Figure 3.1 to Figure 3.9. Since 
the concentration of metal ions and pH values of different samples (Table 3.2) had no effect 
on the NA degradation after its 24 hours of storage, all corresponding data of the 
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degradation of nicotinic acid are depicted as straight lines (taking NA with Cu+ as an 
example, Figure 3.10).  
Previous one research studied the effects of trace minerals (i.e., cobalt, calcium, 
copper, iron, magnesium), and limestone, dicalcium phosphate, sodium chloride on 
stability of niacin for 27 weeks (13). Zhuge and Klopfenstein (1985) found that premix 
niacin with minerals or without minerals, which were stored at room temperature (RT), 
were significantly different on the stability of niacin (P < 0.05) by using the Duncan test. 
However, the percentage of losses of two batches were below 10% after storage time of 27 
weeks (see Table 3.3, (13)). In my study, I could not detect any obvious loss of niacin 
mixed with those aforementioned minerals after a short storage time within 24 hours, 
though it may have a more severe loss of the niacin with minerals after a long storage time 
over 6 months, as reported before. In the context, the subsequent research will extend the 
storage time for 6 months or even 12 months to identify which minerals have influences 
on niacin stability. 
3.4 Conclusion 
Stability of nicotinic acid (NA) affected by metal ions (i.e., Na+, K+, Ca2+, Mg2+, Zn2+, 
Cu+, Cu2+, Fe2+, Fe3+) were investigated in this study. According to the results of percentage 
losses of NA mixed with the aforementioned different metal ions, Na+, K+, Ca2+, Mg2, Zn2+, 
Cu+, Cu2+, Fe2+, and Fe3+, it was found that there was no significant effect of different 
studied metal ions on the stability of NA after storage time of 24 hours. In this case, I plan 
to increase the storage time of NA with the aforementioned different metal ions in the next 
phase of research, and continue to study the stability of NA. 
93 
 














































































Figure 3.10 Kinetics of nicotinic acid (NA) in aqueous solutions of CuCl at different concentrations. * Ct: Concentration of AA 










Table 3.1 Isocratic Elution Program of NA 
 
 
Time (min) Solvent A (%, v/v) 
0.2% Phosphoric acid in water 
Solvent B (%, v/v) 
Acetonitrile 
pH 



















Table 3.2 pH profile of all NA samples with different metal ions1,2,3 
 
 NaCl KCl MgCl2 CaCl2 
100 mg/L 5.12 ± 0.06 a 4.69 ± 0.04 a 4.76 ± 0.03 a 5.27 ± 0.03 a 
75 mg/L 5.07 ± 0.03 a 4.66 ± 0.02 a 4.69 ± 0.05 b 5.24 ± 0.02 a, b 
50 mg/L 4.93 ± 0.08 b 4.64 ± 0.03 a, b 4.64 ± 0.02 b, c 5.19 ± 0.02 b 
25 mg/L 4.64 ± 0.11 c 4.61 ± 0.03 b 4.57 ± 0.01 c 5.12 ± 0.05 c 
 CuCl CuCl2 FeCl2 FeCl3 
50 mg/L 4.3 ± 0.05 a, b 5.16 ± 0.04 a 5.06 ± 0.02 b 4.75 ± 0.05 b 
25 mg/L 4.34 ± 0.06 a, b 5.14 ± 0.05 a 5.18 ± 0.03 a 4.83 ± 0.07 b 
10 mg/L 4.33 ± 0.03 b 5.1 ± 0.03 a, b 5.24 ± 0.02 a 4.99 ± 0.04 a 
5 mg/L 4.4 ± 0.05 a 5.06 ± 0.06 b 5.23 ± 0.04 a 5.05 ± 0.05 a 
 
1pH value of Blank sample (NA): 4.58 ± 0.01. 2All data are expressed as means ± standard deviation (M ± SD). 3Means in the same column 
with different superscript letters are significantly different (P < 0.05), while means the same column with same superscript letters are not 
significantly different (P > 0.05).
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Table 3.3 Effects of storage temperature and minerals on premix niacin stability. 
 
Slope of linear regression lines Percent loss (27 weeks) Correlation coefficient 
mg/g premix/wk   
Batches with minerals   
Heat1 -.0102d 18 .906 
RT2 -0.0041b 9 .623 
Cold3 -0.0076c 3 .692 
Batches without mineral   
Heat -.0047b .601 
RT -.0019a .037 
Cold -.0003a .006 
 
a-d Superscript letters denote Duncan’s (1955) grouping. Groupings containing the same letter are not significantly different at alpha = .05. 1 
Samples were stored at 43 ºC in a constant temperature incubator; 2 Samples were stored at room temperature (25±3 ºC; 3 samples were 
stored in a refrigerator at 1 ºC. High pressure liquid chromatography analysis of the six batches at zero time showed niacin concentration to 
be 1.40±.08 mg/g of premix. The mean value for regression line interprets was 1.45±.07 mg/g premix (13). 
 
From Ref: Q. Zhuge.; C.F. Klopfenstein. Factors Affecting Storage Stability of Vitamin A, Riboflavin, and Niacin in a Broiler Diet 
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Stability of ascorbic acid (AA) and nicotinic acid (NA) affected by metal ions (i.e., 
Na+, K+, Ca2+, Mg2+, Zn2+, Cu+, Cu2+, Fe2+, and Fe3+) were investigated. Based on the 
results, it was found that the AA stability could be affected by different ions, which could 
be expressed by different slopes of linear regression of first order reaction, while NA was 
stable than AA under the same conditions. During a storage time of 24 hours, percent losses 
of NA with all metal ions could be nearly neglected because its remaining value was nearly 
100%, while percent losses of AA with the aforementioned ions hardly remained 100%. 
For example, after 24 hours of storage, the remaining percentage of AA under exposure to 
100 mg L-1 of Na+, K+, Ca2+, and Mg2+ was 59.8%, 60.2%, 59.6%, and 59.7%, respectively. 
When AA were exposed to more strongly catalyzed ions, such as 100 mg L-1 of Cu2+ and 
Cu＋, it was totally degraded in 2 hours. On the other hand, during the same storage period, 
when AA was exposed to 100 mg L-1 of Fe2+, Fe3+, and Zn2+, its remaining percentage was 
3.3%, 9.1%, and 12.1%, respectively. In addition, the half-life times of AA were 
determined to be ranged from 31.6 to 32.1 hours when AA was exposed to 100 mg L-1 of 
Na, K+, Ca2+, and Mg2+. In comparison, its values were below 10 hours or even no more 
than 30 minutes when it was exposed to 100 mg of Zn2+, Fe2+, Fe3+, Cu2+, and Cu+. 
According to the determined k-values of the stability of AA in the aforementioned different 
metal ions, Na+, K+, Ca2+, and Mg2 (2.06 x 10-2 to 2.19 x 10-2) did not exhibit the strong 
effect on the degradation of AA compared to the control (1.96 x 10-2). However, other 
studied metal ions, including Zn2+, Cu+, Cu2+, Fe2+ and Fe3+ had significantly catalyzed 
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degradation of AA with much higher k-values from 4.41 x 10-2 to 2.377. In summary, 
during a storage time of 24 hours, the influence of the studied metal ions on the AA stability 
was observed in the following order: Na+ ≈ K+ ≈ Ca2+ ≈ Mg2+ < Zn2+ < Fe3+ < Fe2+ <
 Cu+ ≈ Cu2+, while NA was very stable without significant effect under the exposure of the 


























































NAMES AND PROPERTIES OF ASCORBIC ACID AND NIACIN 
Table A.1 Scientific names and common names of ascorbic acid and niacin 
Scientific names Common names 
Ascorbic acid Vitamin C 
Nicotinic acid  


























Ascorbic acid CAS NO. 50-81-7 C6H8O6  176.12 g mol-1  - White to yellow crystalline powder; melting 
point: 
190 to 192 ºC. 
- Soluble in water; slight soluble in alcohol. 
- Insoluble in ether, benzene, petroleum, oils and 
fats (1). 
Nicotinic acid  CAS NO. 59-67-6 C6H5NO2 123.11 g mol-1 - White crystalline odorless powder; melting point: 
236 to 239 ºC.  
- Slightly soluble in boiling water, boiling alcohol. 
- Insoluble in propanediol, chloroform, lipid soluble 
ether (2). 
Nicotinamide CAS NO. 98-92-0 C6H6NO2 122.12 g mol-1 - White crystalline powder; melting point: 127 to 
131 ºC. 
- Soluble in water; 100% ethanol, glycerol. 






DETERMINATION OF ASCORBIC ACID AND NIACIN BY LIQUID CHROMATOGRAPHY 
Table B.1 Determination of ascorbic acid and niacin by HPLC methods. 
Vitamin Sample Chromatographic condition 
Ascorbic acid (AA) Fruits and Vegetables, infant milk 
powder, multivitamin syrup, juices, fruit 
cream in powder. 
- Phenomenex Gemini C18 column (150 x 4.6 mm, 
3 μm). 
- Mobile phase: a solution of orthophosphoric acid at pH 
2.8.  
- A flow rate of 0.6 ml min-1. 
- UV 244 nm (3). 
Nicotinamide (NAM) Standards of NAM. - Waters μBondapak C18 column (250 x 4.6 mm, 5μm). 
- Mobile phase: a mixture of 0.04% 1-hexane sulfonic 
acid sodium in water, methanol and acetic acid 
(80:200:1, v/v). 
- A flow rate of 0.3 ml min-1. 
- UV 275 nm (4). 
Nicotinic acid (NA) Atorvastatin calcium and Nicotinic acid 
in combined tablet dosage form. 
- Agilent ZORBAX SB C18 column (150 x 4.6 mm, 3.5 
μm). 
- Mobile phase: acetonitrile and distilled water at pH 4.5 
(adjusted with phosphoric acid) (85:15, v/v). 
- A flow rate of 1.0 ml min-1. 
- UV 261 nm (5). 
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Figure B.1 Chromatogram of ascorbic (AA) and isoascorbic (isoAA) acids solution and 
UV spectrum of standard ascorbic acid obtained by HPLC–DAD (6). 
 
From Ref: A. Mazurek, J. Jamroz. Precision of dehydroascorbic acid quantitation with the use of 
the subtraction method-validation of HPLC-DAD method for determination of total vitamin C in 
food. Food Chemistry. 2015. 173:543-550. 
 
The commonly used analytical approach for vitamin C analysis is high-performance 
liquid chromatography (HPLC) which has higher selectivity compared to titration, 
spectrophotometric or enzymatic techniques (3). 
A reversed phase HPLC method was used for determination of total content of vitamin 
C and AA. Analyses were performed with HPLC system equipped with a diode-array 
detector (DAD, type 335), an isocratic pomp (type 210), a dosing valve 7725i (Rheodyne, 
USA) and a column thermostat. Galaxie Chromatography Data System, version 1.9.302 
(Varian, USA) was used for process control and data collection. Separations were made 
using a column Gemini (150 x 4.6 mm, 3 μm, C18, Phenomenex, USA) connected with a 
pre-column Gemini (4 x 3 mm, C18, Phenomenex, USA). The injection volume was 20 μL. 
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The mobile phase was a solution of orthophosphoric acid at pH 2.8 pumped at a flow of 
0.6 mL min-1. Chromatograms were recorded at 244 nm and temperature of 30 °C (6). 
 
 
Figure B.2 Example of chromatograms showing the separation of nicotinic acid (NA) 
and nicotinamide (NAM) from a niacin standard and an extract of wheat bran after acid 
hydrolysis (7). 
 
From Ref: B. Chamlagain, S. Rautio, M. Edelmann, V. Ollilainen, V. Piironen. Niacin contents of 
cereal-milling products in food-composition databases need to be updated. Journal of Food 
Composition and Analysis. 2020. 91, Article 103518. 
 
An HPLC with UV detection has been frequently used, although interference from 
food matrices may be problematic because of the low specificity at the used UV region 
(260 nm for Nicotinic acid) (7,8). A successful analysis usually needs a sample clean-up 
prior to the chromatographic analysis. Better sensitivity and specificity can be performed 
with a post column derivatization and fluorescence (FL) detection (7).  
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This analysis was performed a Waters Acquity UPLC system (Milford, MA, USA). 
The niacin vitamers (Nicotinic acid and Nicotinamide) were separated with a normal phase 
silica (HSS) T3 column (2.1 x 150 mm, 1.8 μm) and fluorometrically detected (322 nm 
excitation and 380 nm emission wavelengths) derivatization was carried out in a post-
column reactor (Section 2.4.2). The chromatographic separation was performed at 
temperature of 30 ºC using an isocratic flow of the mobile phase (0.3 mL min-1) consisting 
of an optimized concentration of copper sulphate (CuSO4) and H2O2 in a potassium 
phosphate buffer (70 mM of potassium dihydrogen phosphate; pH 4.5). The sample 
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